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ABSTRACT
Atmospheric aromatic hydrocarbons and dicarboxylic acids were measured 
simultaneously in this work. A method was developed for aromatic hydrocarbons: 
collection on Tenax and charcoal, thermal desorption, and gas chromatographic analysis. 
Another method was verified for diacids: collection on quartz filter, conversion to 
dibutylesters, and analysis by capillary gas chromatography.
Results of aromatic hydrocarbon measurements show a very strong linear relation 
among ail aromatic hydrocarbons, and a significant correlation between aromatic 
hydrocarbons and CO measured at a nearby location. This result strongly suggests that 
aromatic hydrocarbons originate from automobiles. Afier correcting for dilution effects 
by normalizing hydrocarbon concentrations by CO concentration, the observed decrease 
in the normalized daytime concentrations indicates that atmospheric aromatic 
hydrocarbons undergo photochemical destmction during the daytime.
Results of diacid measurements show a complex diumal variation in 
concentrations. The diacids measured possibly came from either local production and/or 
emissions, resuspension, or from long-range transport from other areas.
Hi
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CHAPTER I
INTRODUCTION
Aromatic hydrocarbons represent a significant portion of the reactive 
hydrocarbons in the atmosphere (Edgerton et ai, 1989, Field et ai, 1992). The 
principal sources for these compounds are anthropogenic (Robert et a i, 1984). Due to 
their health hazards, their presence in the atmosphere is of great concern. Moreover, 
upon entering the atmosphere, they undergo a series of photooxidation reactions, 
consequently leading to the formation of ozone and secondary aerosol (Stem et al, 
1987, Izumi et a i, 1990), which themselves also have adverse health effects. An 
understanding of the products of the photooxidation of aromatic hydrocarbons, as well 
as the mechanisms involved, is needed in order to fully assess the hazardous effects of 
aromatic hydrocarbons.
For that purpose, numerous mechanistic and kinetic studies have been 
conducted, in which photooxidation products of aromatic hydrocarbons and the rate of 
their formation were examined under simulated atmospheric conditions (Atkinson et 
ai, 1980, 1989, Forstner et ai, 1997, Gery et ai, 1987, Kenley et ai, 1981, Shepson 
et ai, 1984, Tuazon et ai, 1984, 1986). Based on the results, various photooxidation 
reaction mechanisms have been proposed. These studies have revealed that the first
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
steps in the atmospheric decomposition of aromatic hydrocarbons are reaction with 
hydroxyl radical, followed by reaction with molecular oxygen and various oxides of 
nitrogen. These processes lead to a series of oiqrgenated aromatics, as well as ring 
fragmentation products. However, at present, the reaction mechanisms beyond the first 
few steps are not fxilly understood. Typically, only about 50-60% of the mass of 
aromatic hydrocarbons consumed in the oxidation reactions is accounted for. Many 
reaction products still remain unidentified (Shepson et ai, 1984, Gery et al, 1987).
Dicarboxylic acids were suggested to be among these unidentified products of 
aromatic hydrocarbon photooxidation. Most of the mechanistic studies in 
photooxidation of aromatic hydrocarbons reported the formation of dicarbonyl 
compounds such as glyoxal, methyl glyoxal and 2-butenedial with significant molar 
yields. It is quite plausible that once formed, these compounds may further be oxidized 
to form dicarboxylic acids. In a recent study (Forstner et ai, 1997), dihydro- 2,5- 
fûrandione (or succinic anhydride) was reported as a photooxidation product of 
aromatic hydrocarbons. This anhydride might react with water to produce succinic 
acid.
One would think that if dicarboxylic acids are in fact produced in the 
photooxidation of aromatic hydrocarbons, these diacids would be detected in 
environmental chamber studies of aromatic hydrocarbon photooxidation. However, 
the analytical methods employed in these studies were not intended for dicarboxylic 
acids. Due to their low volatility, dicarboxylic acids are present in the particulate 
phase. Therefore, they cannot be identified by long path length FT-IR, which was used
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
in several studies, and which is suitable only for gas phase products. Also, due to their 
high boiling points, dicarboxylic acids cannot be directly detected by GC-FID or GC- 
MS techniques which are suitable only for volatile or semivolatile compounds.
In this study, we used a different approach to test the hypothesis whether 
dicarboxylic acids are produced in the atmospheric photooxidation of aromatic 
hydrocarbons. Our approach is based on the assumption that if dicarboxylic acids are 
among the products of aromatic hydrocarbon photooxidation, we will observe a 
decrease in ambient concentrations of aromatic hydrocarbons, and an increase of 
ambient concentrations of dicarboxylic acids, in the presence of sunlight. Also, an 
increase in the concentration of dicarboxylic acids would be expected as the season 
changes from spring to summer, since in summer the sun's irradiation would be 
stronger. The atmosphere is considered a “natural reactor”, where actual 
photochemical reactions take place. It would be necessary to emphasize that this 
natural reactor is one with continuous input of species through natural and man-made 
emissions, and continuous output of species through natural removal processes such as 
wet and dry deposition. Also, transport of chemicals into and out of a region will have 
great effects on the actual concentrations of atmospheric species measured in that 
region. All this will make interpretation of field data more difficult, since one has no 
control over what is put into the atmosphere and when, and at what level. On the other 
hand, in studies like this one, careful interpretation of the data could give an idea of 
what really happens in the atmosphere, as oppose to what is predicted or suggested 
based on laboratory experiments.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Project definition and objectives
The purpose of this project was to (1) simultaneously determine the 
concentrations of monoaromatic hydrocarbons and dicarboxylic acids in the ambient 
air on the University of Nevada, Las Vegas (UNLV) campus, and (2) determine if 
photochemical production of dicarboxylic acids from aromatic hydrocarbons is 
supported by ambient air observations. The project consisted of four phases;
In phase one, a method suitable for the collection and analysis of 
monoaromatic hydrocarbons in ambient air would be developed. The method should 
be sensitive enough to allow many samples to be collected and analyzed per day.
In phase two, a method for the collection and analysis of dicarboxylic acids in 
ambient air would be developed or validated. For the same purpose, the method should 
be sufficiently sensitive so that as many samples can be collected and analyzed per day 
as possible.
Phase three would be to measure atmospheric concentrations of monoaromatic 
hydrocarbons and dicarboxylic acids simultaneously over a period of time.
In phase four, the data obtained would be analyzed to determine if formation of 
dicarboxylic acids from the photooxidation of aromatic hydrocarbons is a dominant 
process.
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CHAPTER 2
AROMATIC HYDROCARBONS IN THE 
ATMOSPHERE: SOURCES AND 
REMOVAL PATHWAYS
Properties of Aromatic Hydrocarbons
Aromatic hydrocarbons, namely benzene and its alkylated derivatives, are 
volatile organic compounds. Their structures are given in Figure 2.1, and some of their 
physical properties are listed in Table 2.1.
CHs ÇH2CH3
Benzene Toluene Ethylbenzene
m-Xylene p-Xylene o-Xylene
Figure 2.1 Stmctuie of Aromatic Hydrocarbons
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 2.1 Selected Physical properties of Aromatic Hydrocarbons (&om CR.C 
Handbook of Chemistry and Physics, unless otherwise specified)
Benzene Toluene Ethylbenzene m-
Xylene
P-
Xylene
o-
Xylene
Mw 78.11 92.14 106.17 106.17 106.17 106.17
b. p. 0*0) 80.1 110.6 136.2 139.1 138.3 144.4
m.p. (®C) 5.5 -95 -95 -47.9 13.3 -25.2
Density^ ® 0.8765 0.8669 0.8670 0.8642 0.8611 0.8802
n'» 1.5011 1.4961 1.4959 1.4972 1.4958 1.5055
P* 94.6 28.4** 9.57** 8.39** 8.87** 6.6**
*: vapor pressure at 25°C; **: from National Research Council, 1981a
Aromatic hydrocarbons, especially benzene, are toxic. Benzene is known to 
cause aplastic anemia, and acute leukemias of the marrow-formed blood element 
(Brief et ai, 1980). Due to their volatility, it would be expected that once released to 
the atmosphere, they would remain mainly in the vapor phase. In order to fully 
understand the role of aromatic hydrocarbons in atmospheric chemistry and to assess 
their effects on human health, it is necessary to know how and to what level aromatic 
hydrocarbons are released to the environment, and what happens to them once they 
enter the atmosphere. A brief review is therefore provided here.
Sources and concentrations of aromatic 
hydrocarbons in the atmosphere
The sources of aromatic hydrocarbons in the atmosphere are well-known.
Aromatic hydrocarbons are released to the environment through anthropogenic
activities (National Research Council, 1981b) and represent a significant portion of the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
reactive hydrocarbons in the atmosphere (Edgerton et al., 1989). The most important 
sources of volatile hydrocarbons are motor vehicle emissions, evaporative emissions, 
and industrial emissions (Brice et ai, 1978). Emissions of hydrocarbons from motor 
vehicles consist of incomplete combustion of fuel, production during the combustion 
processes (Bailey et ai, 1989), and evaporative losses in the fuel system. Industrial 
emissions result from refinery operations, marketing and transport of fuel, and from 
general manufacturing processes (Brice et al., 1978).
Among these sources, emissions from motor vehicles seem to be the most 
serious one and also the most difficult to control. According to EPA data published in 
1986, emission from mobile sources accounted for 70% of the benzene emission 
inventory in the United States (Walsh, 1994).
Numerous measurements of aromatic hydrocarbon concentration in urban, 
rural and remote areas have been conducted over the past decades (Altwicker and 
Whitby, 1980, Clarkson et ai, 1996, Rasmussen et ai, 1983, Robert et ai, 1984, 
Wathne, 1983). Concentrations of aromatic hydrocarbons were reported to be from 
sub- to high pptv (part per trillion) in remote and rural areas, to sub ppbv (part per 
billion) in urban area. In general, ambient concentrations of aromatic hydrocarbons at 
present are much lower than one to two decades ago.
Removal pathways of aromatic hydrocarbons 
from the atmosphere
Aromatic hydrocarbons exist as gases in the atmosphere. Since they are volatile 
compounds (see Table 2.1) and relatively insoluble in water, they are not likely to be
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8removed from the atmosphere by wet or dry deposition. Their only removal pathway is 
by gas-phase reaction with atmospheric oxidants, such as hydroxyl radical, peroxyl 
radical, and ozone. Since their reactions with hydroxyl radical are much faster than 
with other oxidants, this is the only reaction that proves important in their removal 
from the atmosphere (Lloyd et a i, 1976, and references cited therein). The rates of 
reaction with hydroxyl radical, however, are not the same for all aromatic 
hydrocarbons. Compared to toluene, benzene is less reactive, and the xylenes are more 
reactive. This will lead to a difference in atmospheric lifetimes of these species.
It is also necessary to note that the removal of aromatic hydrocarbons by 
reaction with hydroxyl radical will lead to the formation of other compounds which 
are secondary pollutants. The list of these compounds is extensive, and not yet 
completed, but includes phenols, aldehydes, and acids. An overview of the 
atmospheric chemistry of aromatic hydrocarbons, with an emphasis on the 
environmental impacts, such as formation of ozone and secondary organic pollutants, 
is presented next.
Overview of aromatic hydrocarbons 
atmospheric chemistry
Reaction with hydroxyl radical initiates the chemical transformation of 
aromatic hydrocarbons. Hydroxyl radical, OH, is present in the atmosphere at 
concentrations in the range of (0.5-5) x 10® radicals cm'^ (Hewitt and Harrison, 1985). 
This radical is formed in the troposphere via several pathways, mainly by the 
photolysis of ozone (reaction 2.1), followed by the reaction of the excited oxygen
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
atom with water (reaction 2.2):
O3 -----------► 0 ( 'D )+  O2 (2.1)
0 ( ‘D) + H2O -------   2 OH (2.2)
The hydroxyl radical attack on the aromatic hydrocarbon occurs via both 
abstraction and addition pathways. Photochemical reactions of toluene initiated by OH 
attack are shown in Figure 2.2. In the abstraction pathway, OH radical abstracts one 
hydrogen atom from the substituent allqfl group, and to much lesser extent, from the 
C-H bonds of the aromatic ring. As a result, an alkyl radical is formed (reaction 2.3). 
In the addition pathway, OH radical adds to the ring to form an aromatic-OH adduct 
(reaction 2.4). This proves to be the dominant pathway, occurring about 95% in the 
case of benzene, and 80-90% in the case of alkylated aromatic hydrocarbons (Kenley 
et al., 1981, Atkinson et ai, 1980, 1989, Killus ét al, 1982, Tuazon et.al, 1984, 1986, 
Gery et ai, 1987). While the OH radical can theoretically add to the 0-, m-, or p- 
position, the attack is observed to occur mainly at the o- position. The reason is still 
unknown.
Formation of secondarv organic pollutants 
The product of the abstraction pathway, the alkyl radical formed in reaction 
2.3, reacts with molecular oxygen and NO, leading to the formation of aromatic 
aldehydes, and in lesser amounts, aromatic nitrates (reaction 2.5). The aromatic-OH 
adduct formed in reaction 2.4 imdergoes much more complicated chemical processes 
which are not fully understood. This OH-adduct may react with molecular oxygen to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10
form o-cresol (reaction 2.6). It can also be attacked by addition of molecular oxygen to 
form an aromatic-OH-Oz adduct (reaction 2.7), which undergoes a series of reactions 
leading to ring cleavage products (reaction 2.8).
CH3
CH2
OH
02
02
+ *OH
CHO
(2 .3)
(2 .4)
(2 .5)
OH
(2.6)
OH
0 2
(2 .7)
*
Ring fragmentation 
products
(2.8)
Figure 2.2 Photochemical Reactions of Aromatic Hydrocarbons
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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The main products of aromatic photooxidation, as obtained by various 
environmental chamber studies, are summarized in Table 2.2. The mechanisms of their 
formation were suggested in various studies (Andino et al., 1996, Atkinson et ai, 
1980, 1989, Forstner et a/., 1997, Gery et a i, 1987, Kenley era/., 1981, Shepson era/., 
1984, Tuazon et al., 1984,1986). A detailed summary can be found in Atkinson, 1990.
Formation of ozone
Ozone is another secondary pollutant that is produced in the photochemical 
oxidation of aromatic hydrocarbons. Ozone, an atmospheric oxidant, is suspected to 
have an effect on pulmonary function in humans. In the troposphere, ozone is formed 
by the reaction of an excited oxygen atom, 0(^P), with molecular oxygen:
0(^P) + O2  ► O3 (2.9)
The role of oxides of nitrogen, NO and NO2, in the formation and consumption of 
ozone is shown in reaction 2.10 and 2.11. Photolysis of NO2 present in the troposphere 
leads to the formation of 0(^P):
NO2 + hv  -----------► NO + 0(^P) (2.10)
and NO formed in reaction 2.10 can react with O3 to form NO2:
NO + O3 --------- ► NO2 + O2 (2.11)
thus completing a circle in which the formation of ozone in reactions 2.9 and 2.10 
makes up for its loss in reaction 2.11. However, in the photooxidation of aromatic 
hydrocarbons, additional amounts of NO2 are produced. This is because the alkyl 
radicals, like those formed in reaction 2.3, and other reactions involved in the ring
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Table 2.2 Selected Ring-fragmentation Products of Aromatic Hydrocarbon 
Photooxidation
Compound
Aromatic
Hydrocarbon
Precursor
Molar Yield Reference
Glyoxal (CHOh
benzene
toluene
m-xylene
p-xylene
0.207 ±0.019 
0.08 
0.111± 0.013 
0.105 ± 0.019 
0.104 ±0.020 
0.086 ± 0.011 
0.120 ± 0.020 
0.225 ± 0.039
Tuazon era/., 1986 
Shepson era/., 1984 
Tuazon era/., 1984 
Tuazon era/., 1986 
Tuazon era/., 1984 
Tuazon era/., 1986 
Tuazon era/., 1984 
Tuazon era/., 1986
Methylglyoxal
CH3C(0)CH0
toluene
o-xylene
m-xylene
p-xylene
0.075 
0.146 ±0.104 
0.146 ±0.006 
0.116 
0.246 ±0.020 
0.265 ±0.035 
0.319 ±0.009 
0.111 ± 0.015 
0.105 ±0.034
Shepson era/., 1984 
Tuazon era/., 1984 
Tuazon era/., 1986 
Shepson er a/., 1984 
Tuazon era/., 1986 
Tuazon era/., 1984 
Tuazon era/., 1986 
Tuazon era/., 1984 
Tuazon era/., 1986
Biacetyl
CH3CO-COCH3
o-xylene «0.08 Gery er a/., 1987
Peroxyacetylnitrate o-xylene
m-xylene
« 0.01
« 0.01
Gery er a/., 1987
Dihydro-2,5- 
ftirandione 
(succinic anhydride)
toluene
p-xylene
ethylbenzene
0.22 ± 0.09 
0.042 ±0.047 
0.025 ± 0.035
Forstner era/., 1997
3-methyl-2,5-
furandione
toluene
m-xylene
p-xylene
ethylbenzene
0.26 ± 0.036 
0.61 ± 0.14 
0.53 ± 0.27 
0.17 ± 0.055
Forstner era/., 1997
Formaldehyde
HCHO
o-xylene
m-xylene
0.02-0.05
0.01-0.04
Gery era/., 1987
2-butenedial
CHO-CH=CH-CHO
toluene
o-xylene
0.01
0.013
Shepson era/., 1984
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cleavage process, react with molecular oxygen to form a peroxyl radical:
R + O2 ---------► ROO (2.12)
which reacts with NO to form NO2:
ROO + NO -----------► NO2 + RO (2.13)
The formation of this additional amount of NO2 is responsible for the formation of an 
additional amount of ozone, due to reactions 2.9 and 2.10. The number of ozone 
molecules formed per molecule of aromatic hydrocarbon depends on the details of the 
oxidation path and varies from hydrocarbon to hydrocarbon.
Atmospheric lifetime of aromatic 
hydrocarbons
Atmospheric lifetime t  is a term used to express how persistent a species is in the 
atmosphere. Atmospheric lifetime due to a specifrc removal process represents the 
time at which the concentration of a species is reduced to 37 percent of its original 
value because of that process alone. Since the reaction of aromatic hydrocarbons with 
hydroxyl radical is the most important removal process, their atmospheric lifetime is 
determined by how fast they react with hydroxyl radical. Atmospheric lifetime of 
aromatic hydrocarbons due to gas-phase reaction with hydroxyl radical Tg can be 
expressed as:
Tg = (kg [OH])-' (2.14)
where kg is the reaction rate constant, and [OH] is the concentration of the hydroxyl 
radical.
Because of their differing reactivities, the atmospheric lifetime of aromatic
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hydrocarbons vary from species to species, and their residence times in the atmosphere
depend on the concentration of the hydroxyl radical. The concentration of OH radical
is often in the range of 0.5-5 xlO* radicals cm' .^ The hydroxyl radical concentration is
higher in the afternoon than at other times of the day, and higher in the summer than at
other times of the year due to increased production of OH with increasing solar
irradiation. Table 2.3 presents the rate constants for reaction of aromatic hydrocarbons
with OH radical (from Atkinson, 1990), and their corresponding atmospheric lifetime
if the concentration of the OH radical is Ix 10® and 1 x 10  ^radicals cm' ,^ respectively.
Table 2.3 Rate constant, k, for OH radical reaction with aromatic hydrocarbons, 
and hydrocarbon atmospheric lifetimes
Compound 10 k, cm^  molecule s '
T
if [OH] =10® 
radicals cm^
T
if [OH] =10  ^
radicals cm^
Benzene 1.28 9 days 21.6 hours
Toluene 5.96 1.9 days 4.7 hours
Ethylbenzene 7.1 1.6 days 3.9 hoiurs
m-Xylene 23.6 12 hours 1.2 hours
p-Xylene 14.3 19 hours 1.9 hoiurs
o-Xylene 13.7 20 hours 2 hours
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CHAPTERS
DICARBOXYLIC ACIDS IN THE ATMOSPHERE: 
SOURCES AND SINKS
Properties of dicarboxylic acids
Dicarbcxylic acids are characterized by the presence of two carboxyl groups in 
their molecules. Structure of some dicarboxylic acids are given in Figure 3.1, and their 
selected physical properties are listed in Table 3.1.
HOOC COOH Oxalic acid
HOOC
HOOC 
HOOC
HOOC
COOH
COOH
Malonic acid
Succinic acid
COOH Glutaric acid
COOH Adipic acid
Figure 3.1 Structure of Dicarboxylic Acids
15
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
16
Table 3.1 Selected Physical Properties of Dicarboxylic Acids (from CRC Handbook 
of Chemistry and Physics)
Oxalic acid Malonic acid Succinic
acid
Glutaric
Acid
Adipic
acid
Mw 
b.p.(“Q  
m.p. (®C) 
Density 
Solubility 
in water
90.04 
157 sub 
182, 189.5 
1.9 
Soluble
104.06 
dl40
135.6 
1.619‘® 
Soluble
118.09 
235 d 
188 
1.572^ 
Soluble
132.12 
302-4 d 
99 
1.424“  
Soluble
146.14
265'°°
153
1.360“
Soluble
Sources of dicarbot^Uc acids in the atmosphere
Dicarboxylic acids have been detected and measured in atmospheric aerosol as 
well as in wet precipitation in urban and remote areas (Grosjean et ai, 1978, 
Kawamura and Usukura, 1993, Kawamura, Steinberg and Kaplan, 1995, Kawamura, 
Kasukabe, Yasui and Barrie, 1995, Sempere and Kawamura, 1994, 1996). They may 
be released to the environment through a number of pathways. Sources of dicarboxylic 
acids are thought to include primary anthropogenic and biogenic emissions, 
hydrocarbon gas-phase photooxidation, and liquid-phase oxidation of carbonyl 
compound (Chebbi and Carlier, 1996, and references cited therein).
Kawamura and Kaplan had shown that the distribution of dicarboxylic acids in 
motor exhaust is similar to that in urban ambient air samples (Kawamura and Kaplan, 
1987). The concentration of dicarboxylic acids in gasoline and diesel motor exhaust 
are 28 and 144 times higher than that in ambient air, respectively. They suggested that 
motor exhaust emissions are a primary source for dicarboxylic acids in ambient air. In 
the same study, the researchers also investigated other possible sources of
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dicarboxylic acids. They found the presence of dicarboxylic acids in soil and bog 
sediment, but found their distribution was different from that in the ambient air, and 
suggested that dicarboxylic acids are not predominantly of biogenic origin.
Dicarboxylic acids are also suggested to be produced via the photooxidation of 
organic compounds from anthropogenic and biogenic sources. Hatakeyama et ai, 
1985, 1987. demonstrated that gas-phase photooxidation of cycloalkenes with ozone 
lead to the formation of dicarboxylic acids. Stephanou et ai, 1993 proposed that Q  
and C? dicarboxylic acids were the photooxidation products of anthropogenic 
cycloalkenes, while C12 to C26 dicarboxylic acids are produced by photooxidation of 
unsaturated fatty acids of biogenic origin.
The possibility of aromatic hydrocarbon photooxidation being the source of 
dicarboxylic acids has recently captured much attention. Various environmental 
chamber studies on photooxidation of aromatic hydrocarbons have lead to the 
suggestion that these aromatics may be the precursors for dicarboxylic acids. Although 
dicarboxylic acids have not been detected in the reaction mixtures, dicarbonyl 
compounds like glyoxal, methylglyoxal were detected in significant amounts (Tuazon 
et ai, 1984, 1986, Shepson et ai, 1984). These compounds may further be oxidized to 
dicarboxylic acids in the atmosphere.
The dicarbonyl compound glyoxal, (CHO)2, has been found in atmospheric 
aerosol (Kawamura et a i, 1996). Oxalic acid has been determined in rain water, fog, 
and mist in a number of studies (Kawamura et a i, 1985, Sempere and Kawamura, 
1996, Steinberg et ai, 1985). It was suggested that the liquid-phase oxidation of
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glyoxal may lead to oxalic acid (Chebbi and Carlier, 1996):
OHC-CHO + 2HzO --------► CH(0H)z-CH(0H)2 (3.1)
CH(OH)z-CH(OH)2 + OH(aq) ------► HOOC-COOH (3.2)
The suggestion was based on the liquid-phase oxidation of formaldehyde, a
similar compound, which leads to formic acid (Chebbi and Carlier, 1996, and
references cited therein):
HCHO + HzO ------------► CHz(OH)z (3.3)
CHz(OH)z +OH(aq) ---------  ^ HC(OH)z + HzO (3.4)
HC(OH)z + Oz ------------HCOOH + HOz (3.5)
In a recent study, Forsmer et al. for the first time reported the formation of
dihydro-2,5-fiirandione, or succinic anhydride, from the photooxidation of aromatic
hydrocarbons (Forstner et ai, 1997). This was an additional step in proving the
production of C4 dicarboxylic acid from aromatic hydrocarbon photooxidation, since
once formed, this anhydride might react with water to produce succinic acid.
In addition, it is also speculated that reactions of longer-chained dicarboxylic
acids may lead to smaller diacids. Kawamura et ai, 1996 suggested that once
produced in the atmosphere, succinic acid is further oxidized to smaller diacids such as
malonic acid and oxalic acid. Malonic acid itself may also be oxidized to oxalic acid.
Hydrocarbon photooxidation were suggested to happen through the following scheme:
HOOC - (CHz)2-C00H + O HOOC-CH(OH)-CHz-COOH (3.6) 
succinic acid maleic acid
maleic acid + 0  HOOC-COOH + HOOC-CHz-COOH (3.7)
* oxalic acid malonic acid
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HOOC-CHz-COOH + o  ^ HOOC-COOH (3.8)
malonic acid oxalic acid
These reactions thus may lead to the accumulation of oxalic acid in the 
atmosphere.
Sinks of dicarboxylic acids in the atmosphere
Removal pathways of dicarboxylic acids are quite different from that of 
aromatic hydrocarbons. With the exception of ketoacids, carboxylic acids are not 
significantly removed from the atmosphere by gas-phase reaction (Chebbi and Carlier, 
1996). Two important removal processes for these diacids are wet deposition and dry 
deposition (Chebbi and Carlier, 1996, Grosjean, 1989). Wet deposition is the removal 
of species by hydrometeors (e.g. rain, snow, and hail), and is the consequence of wash­
out or rainout. Washout, a below-cloud scavenging process, is the scavenging of a 
species by precipitation falling through air containing the species. Rain-out, or in­
cloud scavenging, is the removal of particles that serve as condensation points for the 
formation of rain drops. Being polar and water soluble, dicarboxylic acids are easily 
removed from the atmosphere by these two processes. Kawamura et ai, 1995 studied 
changes in composition of wet precipitation during scavenging and showed that 
concentration of dicarboxylic acids decreased with time and as the amount of rainfall 
increased, meaning diacids are efficiently removed from the atmosphere by wet 
precipitation. Although it is an efficient removal mechanism for atmospheric 
dicarboxylic acids, wet deposition is also episodic. On average, dry deposition is often 
more important because it is continuous. Dry deposition is the loss of atmospheric
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species to surfaces, such as water, soil, and vegetation, by difhision, sedimentation, 
and impaction. Removal by dry deposition is represented in term of an empirical 
parameter called the deposition velocity Vj. For particles, the deposition velocity Vj 
depends on the species being removed, the nature of the surface, and also the size of 
the particles. Removal rates of atmospheric particles are governed by the competition 
between wet and dry deposition, and reach a minimum somewhere in the range 0.1 to 
1pm (Ligocki, 1994).
Atmospheric lifetime of dicarbostylic acids
The atmospheric lifetimes of dicarboxylic acids are controlled by both wet and 
dry deposition and depend on the amount and frequency of wet deposition, and the dry 
deposition velocity. However, little is known about the deposition velocity for diacids. 
Atmospheric lifetimes ranging from a few hours to a few weeks have been estimated 
for carboxylic acids. During dry seasons, when wet deposition is negligible, the 
atmospheric lifetimes for carboxylic acids in general may range from 5 to 10 days 
(Chebbi and Carlier, 1996, and references cited therein). Also, it is known that 
particles previously settled down on the earth surface by the dry deposition process 
may later be resuspended. This resuspension after dry deposition may be a part of the 
atmospheric cycle of dicarboxylic acids, in which dicarboxylic acids are reintroduced 
to the atmosphere.
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CHAPTER 4 
METHODS OF SAMPLING AND ANALYSIS
Atmospheric sampling and analysis
Sampling and analysis of atmospheric species pose a great challenge due to the 
fact that atmospheric species are often present at trace levels. Depending on the types 
of target analytes and the sensitivities of the method, volumes from several liters to 
tens of cubic meters are needed. Pre-concentration can be done at the same time as the 
air samples are collected, or after a volume of air has been collected. In the pre- 
concentration step, the air is normally passed through a suitable medium, where target 
analytes are selectively retained and nontarget analytes pass through. This procedure 
presents several complications to the overall sampling process: (1) The collection 
efficiency for target analytes may not be 100%, (2) the adsorbents may contain some 
background amount of target analytes, (3) the target analytes may undergo chemical 
reactions when adsorbed in the media; and, (4) the desorption of analytes from the 
media may pose some additional problems.
In the analytical process, target analytes previously concentrated on a suitable 
sorptive medium have to be desorbed, and an aliquot introduced to the analytical 
instrument. This process presents a big challenge, since the analyst has to be sure the 
desorption process is effectively complete and consistent.
21
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An additional point, valid for all analyses, is that a good linear response 
obtained for standards does not assure the accuracy of the sample analysis, because no 
standard can be prepared in exactly the same matrix as the samples. The matrix 
interference can sometimes be reduced by using standard addition methods. However, 
for analyses when a great number of samples are to be analyzed, time-consuming 
standard addition methods are not suitable.
With all of the above-mentioned factors in mind, careful consideration should 
be made when choosing a collection and analytical method for any air sampling and 
analysis project, in order to produce reliable data and to achieve the goals of the 
project.
Methods of aromatic hydrocarbon 
sampling and analysis
Aromatic hydrocarbons are volatile compounds and therefore are present in the 
vapor phase. Their sampling and analysis is similar to that applied to other volatile 
organic compounds. In short, aromatic hydrocarbons can be collected on either a solid 
adsorbent or a cryogenic trap, followed by desorption, either thermally or with the use 
of a solvent, and analysis by gas chromatography, liquid chromatography or 
spectroscopy.
In sampling by the cryogenic trap method, air is passed through a tube placed 
inside a bath containing a cryogen (e.g. liquid nitrogen, or C02(s)). At the low 
temperature of the trap, volatile compounds are condensed and thus retained in the 
tube. They can later be desorbed thermally from the tube into the analytical instrument.
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The disadvantage of this method is that the air samples sometimes need to be 
transferred from sampling sites in special containers, and cryogens gas is needed for 
the cryogenic trap.
In the solid adsorbent method, the air is passed through a solid adsorbent 
packed in a tube. The solid adsorbent is usually a porous material having an affinity 
for the adsorbates, and may include silica gel, alumina, carbon or a polymer. Activated 
carbon or a porous polymer like Tenax are examples of solid adsorbents used in the 
sampling of gaseous hydrocarbons. The collection efficiency of an analyte on the 
adsorbent surface depends on many factors, such as fiow rate, concentration of the 
analyte in the air stream, surface area of the adsorbent, temperature, competition of 
other gases for the adsorption sites, and properties of the analytes such as polarity and 
size. For a given flow rate and concentration range of analytes, if an adequate amount 
of the correct adsorbent is used, collection efficiency can approach 100%.
The solid adsorbent method proves to be a convenient means of collecting 
samples. Compared to the cryogenic trap, it is easier to transport the sampling tubes 
packed with solid adsorbents to the field and back to the lab. Also, no cryogens are 
required.
Following collection, volatile hydrocarbons can be desorbed from the 
adsorbent either thermally or by solvent extraction. In the former method, the entire 
sample is introduced to the GC column in a single desorption. In the latter method, a 
volume of a suitable solvent is added to the solid adsorbent to extract the target 
analytes, and an aliquot of the extract is introduced to the gas chromatograph.
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Obviously, thermal desorption method leads to many-fold increase in sensitivity. 
However, the disadvantage of thermal desorption is that only one analysis can be done 
per sample.
In this study, since diumal variations of aromatic hydrocarbons in the 
atmosphere were to be determined, we needed to develop a simple, yet sensitive 
method of sampling and analysis. Collection on a solid adsorbent followed by thermal 
desorption seemed to be the right choice because of its simplicity in sample collection 
and preparation, and because of the sensitivity obtained due to the introduction of the 
whole amount of sample in a single step. The first task was to choose a suitable solid 
adsorbent. An ideal solid adsorbent should: (I) collect the target aromatic 
hydrocarbons effectively, i.e. no breakthrough is observed, (2) release target aromatic 
hydrocarbons in an effective and consistent maimer during thermal desorption, and (3) 
not cause any chemical change of the target aromatic hydrocarbons during thermal 
desorption.
We investigated a number of solid adsorbents. These included: activated 
carbon taken from a ready-made sampling tube (SKC West, Inc., California), 
Carbosphere, a type of activated carbon with high surface area, SK-4 activated carbon, 
40/60 mesh activated carbon, and Tenax (all from Alltech Associates Inc., Deerfield, 
EL). None of these adsorbents was ideal for our purpose. Among those, there were only 
two adsorbents that could collect all of the target hydrocarbons rather effectively and 
release them quantitatively during thermal desorption. They were: 40/60 mesh 
activated carbon from Alltech, and Tenax. However, the 40/60 mesh activated carbon
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from Alltech caused ethylbenzene and the xylenes to undergo chemical changes during 
thermal desorption. Some additional peaks were observed in the chromatograms 
obtained from thermal desorption of these aromatic hydrocarbons from charcoal, but 
not in the chromatograms obtained from direct injection to the GC column. Tenax 
does not cause any chemical changes of the target aromatics, but does not collect the 
more volatile aromatic hydrocarbons, namely benzene and toluene, effectively. 
Fortunately, these two adsorbent can be combined to form a two-step collection system 
for aromatic hydrocarbons that is effective, and with no complication during thermal 
desorption. For simplicity, from now on, the 40/60 mesh activated carbon from Alltech 
will be referred to as charcoal.
Briefly, the sampling media consists of two different tubes: the first one is 
packed with Tenax, to collect ethylbenzene, the xylenes, toluene, and part of benzene. 
The second tube, the back-up tube, is packed with charcoal to collect any benzene and 
toluene that pass through the first tube. Each tube is then desorbed, and the results 
combined. The sampling and analysis procedure is described in detail in Chapter 6.
The sensitivity of the analytical method is further enhanced by the choice of a 
sensitive gas chromatographic detector. Although the flame ionization detector (FED) 
has been used in a number of studies to measure aromatic hydrocarbons (Clarkson et 
ai, 1996, Rasmussen et ai, 1983, Singh et ai, 1985, Wathne, 1983), the 
photoionization detector (PID) with 10.2 eV ionization source proves one to two 
orders more sensitive, and much more selective for aromatic hydrocarbons (Driscoll, 
1977, Nutmagul et ai, 1983). For cases where high sensitivity was desirable, the PID
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has been used for analysis of unsaturated hydrocarbons (Hester and Meyer, 1979, 
Whalen et ai, 1994).
Methods of dicarboxylic acid 
sampling and analysis
Dicarboxylic acids are characterized by the presence of two carboxyl groups in 
their molecules. As a result, they are polar and high-boiling compounds. In the 
atmosphere, they exist mostly in the particulate phase. These facts determine the 
method of collection and analysis of dicarboxylic acids.
Dicarboxylic acids are collected for analysis by filtering ambient air through 
one or more glass fiber filters designed for the collection of particles. This type of 
filter is typically produced by combining finely spun borosilicate glass fibers with a 
binder and compressing into a thin mat. It has the advantage of low water uptake and 
high capture efficiency for particles larger than 0.3 pm (Wight, 1994). Other 
advantages include low cost and high load capacity. Sometimes, the filters are treated 
with a base, often potassium hydroxide, to increase collection efficiency for volatile 
acids that may be in the vapor phase.
Filters do not collect all particles of all sizes in the air stream. Small-sized 
particles may not be collected as efficiently as larger-size particles. Collection 
efficiency can be increased by selecting a smaller pore size of the filter, but this will 
lead to a larger pressure drop across the filter. However, with the selection of an 
appropriate pore size of the filter, collection efficiency can be very high and 
reproducible, and may approach 100%.
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The sampling of particles by filtration may be further complicated due to the 
instability of target analytes once collected in the filter. Efforts have to be made to 
minimize sample loss. Often, this is achieved by storing the filters at low temperature, 
and analyzing the samples as soon as possible.
Before analysis, dicarboxylic acids have to be extracted from the filters, often 
with water. Depending on the method of analysis, the aqueous extract may be analyzed 
directly, or further treated before analysis.
Different methods have been used for the analysis of dicarboxylic acids. High 
performance liquid chromatography has been used to determine oxalic and other 
carboxylic acids (Steinberg et ai, 1985). But in most cases, dicarboxylic acids were 
analyzed by gas chromatography (Kawamura and Kaplan, 1987, Satsumayabashi and 
Kurita, 1989, Kawamura and Usukura, 1993, Sempere and Kawamura, 1994, 
Kawamura et a i, 1985, 1995a, 1995b, 1996). Gas chromatography is a powerful 
technique of separation and has been used for decades for the separation of very 
complex mixtures. This technique, however, can be applied only for volatile or semi- 
volatile compounds (b.p.<300“C). Therefore, in order to be analyzed by this technique, 
the non-volatile dicarboxylic acids have to be converted to their volatile derivatives, 
such as esters, and these derivatives analyzed by gas chromatography. We used a 
method similar to that of Kawamura et ai, 1985. The analytical procedure is described 
in detail in Chapter 6.
Since gas chromatography is the analytical technique used in this project, a 
brief review of the theory of instrumentation for this technique is provided.
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CHAPTERS
THEORY OF GAS CHROMATOGRAPHIC 
INSTRUMENTATION
Principle of separation
Gas chromatography is a separation technique for thermally stable and volatile 
compounds. Basically, in chromatographic separation, two immiscible phases, a 
stationary phase and a mobile phase, are brought into contact. The mobile phase 
carries the compounds to be separated (solutes) over the stationary phase, which is 
deposited on a column or a bed. The solutes undergo repeated interactions with the 
stationary and mobile phase, and separation is possible due to differences in the 
physical and/or chemical properties of the solutes. In gas chromatography, the mobile 
phase is a gas, and the stationary phase can be either a liquid or a solid which is 
deposited in a column. The column is considered "the heart" of the instrument, where 
separation takes place. At the end of the separation process, individual solutes will 
emerge at the end of the column in the form of separate bands (peaks), with the least 
retained solute emerging first, and the most retained solute emerging last.
28
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Instrument Design
A gas chromatograph consists of several parts: I) an injection port where the 
sample is introduced. 2) a carrier gas flow to carry the sample to the separation 
column, 3) a column where separation takes place, 3) an oven in which the separation 
column is placed, 4) a detector to detect the sample components as they elute from the 
column, and 5) an integrator to provide a readable signal proportional in magnitude to 
the amount of the component eluted. Figure 4 shows a schematic diagram of a gas 
chromatograph with a capillary column. Different components of a gas chromatograph 
are next discussed briefly.
Gas flow control 
system Syringe
Carrier 
gas - Detector
integrator
RecorderSplit
vent
Capillary
column
Column oven
Figure 5.1 Schematic diagram of a gas chromatograph with a
capiilaiy column
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Injection port: The injection port is where samples are introduced into the 
analytical system. Basically it consists of a self-sealing silicon septum, and a glass 
liner placed in a heated metal block which is kept at a high temperature. Samples are 
introduced by a syringe through the septum to the glass liner, where it is quickly 
vaporized and swept to the column by the stream of carrier gas. For a packed column, 
the whole amount of sample (including any solvent) is introduced to the column, 
whereas for a capillary column, the injection port is designed so that only part of the 
sample is introduced to the column in split/splitless mode.
Carrier gas: The carrier gas functions as the mobile phase to carry analytes 
through the analytical system. It is stored in a high-pressure gas bottle, and is guided to 
the system through suitable tubing. The flow of carrier gas is controlled via pressure 
gauges and flowmeters. The carrier gas should be inert, i.e. should not react with the 
analytes or stationary phase, and should be free of impurities. For that reason, the 
carrier gas is often passed through a gas purifier before entering the analytical 
instrument. A number of gases can be used as carriers; among these are helium, 
nitrogen, argon, hydrogen.
Analytical column: The column contains the stationary phase; it is where 
analytes are separated into different solute bands. There are two kinds of columns: 
packed columns and capillary columns. Packed columns are made from tubing of 
stainless steel or glass and packed with an inert support coated with a stationary phase. 
They are of larger diameter, often from 1.6 to 9.5 mm, and shorter length than 
capillary columns. Capillary columns are characterized by much smaller inner
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diameter, typically I mm or less. These columns are often made of fused silica (very 
high purity glass). The high degree of cross-linking in fused silica makes it very 
flexible and permits the construction of a very thin wall. The outer wall of the fused 
silica columns are coated with polyimide to protect them from scratches. Capillary 
columns are divided into two sub-categories: micro-packed capillary columns, and 
open tubular columns. Open tubular columns have many advantages over packed 
columns. These include: low pressure drop per unit of length, fast equilibration, less 
chances of peak tailing and band broadening due to the absence of support material, 
and reduced analysis time. Therefore, open tubular columns are used widely for 
separation of complex mixtures. Depending on their construction, open tubular 
columns are divided into wall-coated open tubular (WCOT) columns, support-coated 
open tubular columns (SCOT), and porous-layer open tubular (PLOT) columns. 
WCOT columns are also called wide-bore capillary columns, with inner diameter of 
0.53 mm and its inner wall coated with a film of stationary phase. The advantages of 
this type of column over the packed column is the increased speed of analysis. Film 
thickness can be chosen to accommodate the nature of the analysis. For the analysis of 
volatile mixtures, film thickness can be increased to obtain higher sample capacity. For 
the analysis of high-boiling mixtures, a thin film (0.25pm or less) is suitable, since it 
will greatly reduce the analysis time.
Column oven: Often, temperature programming is used to allow compounds 
with widely different elution characteristics to be determined on the same 
chromatogram. The oven serves as a means to control the temperature of the column.
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It is a heating and ventilation system where the temperature inside can be programmed 
to stay constant, or to increase at a desired rate.
Detector: The detector responds to individual bands of solutes and converts 
them to electrical signals proportional to their concentrations. There are many kinds of 
detectors used in gas chromatography, including the flame ionization detector, 
photoionization detector, thermal conductivity detector, electron capture detector, etc. 
Only the first two are discussed here, since they are used for analyses in this project.
The flame ionization detector (FID) operates based on the formation of ions in 
the eluent when analytes enter a flame of burning hydrogen. The FID responds 
proportionately to the number of methylene group -CH2- introduced to the flame. 
There is no response to fully oxidized carbon, such as CO, CO2, or CS2 Advantages of 
the FID include its versatility, wide linear range (10 )^, and low maintenance. 
Disadvantages include the facts that two support gases, hydrogen and air, are needed, 
the FID is non-selective, and the flame may be extinguished if the sample contains 
much moisture.
The photoionization detector (PID) is basically an UV lamp, which produces 
ultraviolet radiation to ionize compounds with ionization energies at or below the 
lamp energy. The most common lamp has an energy of 10.2 eV and ionizes 
compounds with unsaturated bonds. Therefore, the PID is highly selective for aromatic 
hydrocarbons, which have conjugated double bonds in their molecules. This is 
advantageous since it minimizes the interference from non-target compoimds with 
saturated bonds. Also, the PID is one-to-two-orders of magnitude more sensitive for
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aromatic hydrocarbons than is the FTD (Driscol, 1977, Nutmagul et aL, 1983). Other 
advantages of the PID over the FID are that only one support gas is needed for the 
analysis, and the PID is non-destructive. Additionally, like the FID, the PID also has a 
wide linear range of response.
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CHAPTER 6 
EXPERIMENTAL SECTION 
Aromatic hydrocarbon sampling and anafysis
Sampling Site and Plan 
Since ambient concentrations of hydrocarbon species were to be measured, the 
sampling site should be chosen so that the air samples taken could represent the 
ambient air as much as possible. Locations near a point source should be avoided. For 
that purpose, we chose the roof of the Athletic building on the west site of UNLV 
campus as our sampling site. This sampling site should be considered a groimd level 
site.
For diumal variation measurements of atmospheric species, as many samples 
should be taken and measured per day as possible. The sampling plan was chosen to 
accommodate this, while ensuring that adequate amounts of analytes were collected to 
give measurable signals. Five samples were collected per day, at the following times: 
the first sample was collected from 6 am to 10 am, the second sample from 10 am to 2 
p.m., the third from 2 p.m. to 6 p.m., the fourth from 6 to 9 p.m., and the fifth sample 
from 9 p.m. to 6 am the following day. Analytes concentrations thus obtained were 
average values measiued over each period of time.
34
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Sampling Procedure for Aromatic Hydrocarbons 
Glass sampling tubes 135mm x 1.5 mm i.d. were packed with 250 mg Tenax or 
ICO mg charcoal. Silanized glass wool was used as a means to secure the Tenax or 
charcoal portion within the tubes.
Before use, both Tenax- and charcoal-packed tubes were cleaned by purging 
with helium at a flow rate of 37 mL/min for approximately 30 min while keeping the 
temperature at 160“C for Tenax-packed tubes and 300®C for charcoal-packed tubes. 
Cleaned tubes were stored at room temperature in 160mm x 15 mm o.d. screw-cap 
vials with Teflon-lined caps. Immediately after sampling, these tubes were put back to 
the vials and transfer back to the lab for analysis. Blank analysis showed that the 
amount of target hydrocarbons in both type of tubes are negligible.
For sampling, the Tenax- and charcoal-packed tubes were connected in series, 
with the Tenax-packed tube being the first one. Air is drawn through the tubes using a 
Parker Hannifin constant flow pump (model MB-21), equipped with a rotameter, with 
flow rate in the range 5-78 mL/min. The flow rate was kept constant at 78 mL /min 
during sampling period.
Analytical Procedure for Aromatic Hydrocarbons 
Aromatic hydrocarbons were analyzed by thermal desorption from Tenax- and 
charcoal-packed tubes. The thermal desorption unit consists of a 7/16 inches glass 
jacket, wrapped by wire heater, and a temperature probe. The temperature inside the 
glass jacket can be programmed using an attached Omega* controller (Model CN-
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2042, Omega Engineering. Inc.). The small diameter of the glass jacket allows rapid 
heat transfer from the glass jacket to the Tenax or charcoal packing during thermal 
desorption.
The thermal desorption unit is connected to the column of an SRI 8610 gas 
chromatograph via a four-port valve. This design proves to be very convenient for the 
analysis of samples, as well as standards. A schematic diagram of the instrument is 
given in Figure 6.1.
Column
To detector
Cooler
«#«
Somplog
To detector
Carrier
•M
Figure 6.1 Schemaic dlogrom of o GC with o theimol deooiptlon unit 
4 "^CIooef mode li| IniecMonr* mode
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The thermal desorption process can be divided into two phases. In the first 
phase, the valve is kept at the “closed” position for 3 minutes, during which the 
temperature within the packing is programmed to raise to 160°C for tubes packed with 
Tenax and 220°C for tubes packed with charcoal. In this position, the carrier gas does 
not pass through the sampling tube. In the second phase, the valve is rapidly switched 
to the “inject” position when the carrier gas carries the desorbed analytes to the GC 
column. The temperature in the tube is kept constant for an additional 4 minutes, and 
then was allowed to cool to room temperature. Data were acquired by an IBM PC- 
compatible personal computer using SRI Peak Simple software.
For analysis of standards, the valve is kept at the "inject" position and known 
amounts of analytes are loaded to a clean tube at room temperature. The standards 
loaded on Tenax- and charcoal-packed tubes can then be desorbed to the GC column 
using corresponding thermal desorption processes.
Aromatic hydrocarbons were separated on an AT-5 fused silica capillary 
column 30m x 0.53 mm i.d., with a S pm film thickness. A single-ramp temperature 
program is used. First, the column temperature was kept at 45°C for 5 min, then 
ramped at a rate of 12°C/min until it reaches 165°C; this temperature was maintained 
for 10 min. Helium was used as the carrier gas at a flow rate of 37 mL/min. The time 
required for each thermal desorption and analysis is approximately 30 minutes. 
Chromatograms obtained fi-om thermal desorption of an air sample (April 8, 1997, 
6:00 to 10:00 a.m.) collected on a Tenax-packed tube and a charcoal-packed tube 
connected in series are shown in Figure 6.2.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
38
1. Benzene
2. Toluene
3. Ethylbenzene
4. m- and p-Xylene
5. o-Xylene
2012 1610 14 180 82 4 6
T im e  (m in )
1. Benzene
2. Toluene
10 124 6 80 2 T im e  (m in)
F ig u re  6 .2  C h ro m a to g ra m s  o f  a n  a c tu a l  a ir  s a m p le c o lle c te d  o n  
T e n a x  a n d  c h a rc o a l .  April 8 ,1 9 9 7 , 6 :0 0  to  1 0 :0 0  a  m .
a )  T e n a x -p a c k e d  tu b e
b ) C h a rc o a l-p a c k e d  tu b e
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Individual aromatic hydrocarbons were identified based on the comparison of 
their retention times with that of authentic standards. Retention times of authentic 
standards were obtained by thermal desorption of a sampling tube previously loaded 
with an amount of authentic hydrocarbon, and analysis by GC. Since the 
photoionization detector is highly selective for aromatic hydrocarbons, the 
chromatograms of actual air samples were often simple, thus facilitating the task of 
identifying these compounds. Positive identification of aromatic hydrocarbons in 
ambient air samples were also verified by analysis by gas chromatography-mass 
spectrometry (GC-MS). Analysis on GC-MS was done by collecting a large volume of 
air (Im^) at the sampling site on a charcoal-packed tube, extracting the charcoal 
portion with 300 pL methylene chloride, and injecting 2 pL of the extract to the 
column of a HP 5890 GC-MS.
After thermal desorptions, the tubes packed with Tenax or charcoal were stored 
in air-tight screw-cap vials with Teflon-lined caps. The Tenax-packed tubes can be 
used to collect new air samples without further treatment, since a second thermal 
desorption showed that no hydrocarbons remained in the tubes after the first thermal 
desorption. The charcoal-packed tubes, on the other hand, needed to be cleaned before 
they could be used again. Cleaning was accomplished by thermal desorption at 300°C 
in a helium flow. Both Tenax- and charcoal-packed tubes had to be replaced after a 
number of uses. After about 10 thermal desorptions, the Tenax packing showed clear 
signs of visible deterioration, and this could affect the collection efficiency of Tenax- 
packed tubes. Therefore, the Tenax-packed tubes were discarded after 7 or 8 uses. The
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charcoal-packed tubes did not exhibit any change in collection and desorption 
efficiency over time, but often were discarded after approximately 10 uses due to 
cracking or breakage of the glass tubes.
Quality Control/Quality Assurance 
Breakthrough test
It was necessary to make sure that all of the target analytes are collected on the 
Tenax- and charcoal-packed tubes connected in series. It would be sufficient to prove 
that with the current design, no analyte passes through the second tube, packed with 
charcoal.
For this purpose, ambient air was drawn through two charcoal-packed tubes 
connected in series. Analysis of the two tubes revealed that even at flow rates as high 
as 280 mL/min (4 times higher than the sampling flow rate) and sampling periods of 8 
hours, breakthrough of target analytes was not significant. Another experiment showed 
that at the sampling conditions used in this study, there was no breakthrough of target 
aromatic hydrocarbons.
Calibration
Calibration curves for target aromatic hydrocarbons were obtained by loading a 
known amount of analytes onto a Tenax- or charcoal-packed tube, and thermally 
desorbing the analytes to the GC column. Because of the sensitivity of the method, 
only minute amounts of analytes needed to be loaded onto the tubes. This calls for a
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very diluted standard gaseous mixture of target analytes. One convenient way of 
preparing a dilute gas standard is to introduce a known amount of analytes, either in 
liquid or gaseous form, to an air-tight container of known volume and containing a 
pure gas (e.g. nitrogen), to produce a gaseous mixture with a known concentration of 
analytes. The gas standard thus prepared is called a static gas standard. The advantage 
of a static gas standard is that it can be easily and freshly prepared every time it is 
needed, without the need of storage over a long period of time. Static gas standards 
can be prepared with reproducibility and can remain stable over a reasonably long time 
(Umbreit, 1983). The preparation of a static gas standard for aromatic hydrocarbon 
calibration is described below.
Pure aromatic hydrocarbons were obtained from T.J. Baker and Aldrich. Two 
mL of each hydrocarbon (in liquid phase) was put into a 20 mL glass bottle equipped 
with a Mininert push-button valve (Alltech Associates) as a means to provide leak- 
tight closure. Access to the contents of the bottle is possible without exposing the 
contents to the atmosphere. These bottles were then put into a glass jar surrounded by 
a jacket through which water at 25°C is circulated. The aromatic hydrocarbons in the 
bottles were allowed to equilibrate for at least 12 hours. Vapor pressures at 25°C of 
toluene, ethylbenzene, and the xylenes were from The Natural Research Council 
1980a, and vapor pressure at 25®C of benzene was calculated from the Antoine 
equation (the values of constants are given in CRC Handbook of Chemistry and 
Physics).
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A 125 mL glass sampling flask with septum port (Chemglass, Inc., Vineland, 
N.J.) was cleaned, dried, and filled with nitrogen gas at atmospheric pressure. Three 
mL of nitrogen was withdrawn fi*om this flask through the septum using a 1.000 mL 
gas-tight syringe. A volume of saturated vapor at 25“C of each aromatic hydrocarbon 
was added to the glass container. Specifically, in the case of the Tenax-packed tube, 50 
pL benzene, 150 pL toluene, 500 pL ethylbenzene, 500 pL o-xylene, and 1000 pL p- 
xylene saturated vapor were added to the flask. For calibration on the charcoal-packed 
tube, 50 pL benzene and 150 or 250 pL toluene saturated vapor were added to the 
flask. The flask was shaken gently and allowed to mix for about 10 min. Known 
volumes of the gas standard prepared in the flask were loaded to the sampling tube 
using gas-tight syringes, and the contents thermally desorbed to the GC column using 
the corresponding thermal desorption program. Since the GC column used can not 
separate m- xylene firom p-xylene, these two compounds were measured as p-xylene 
and reported as p- and m-xylene.
The mass of each aromatic hydrocarbon put into the 125 mL glass sampling 
flask can be calculated firom the following equation:
PVM
mass of aromatic hydrocarbon = ________
RT
where p: vapor pressure of aromatic hydrocarbon at 25°C (or 298.15K)
V: volume of aromatic hydrocarbon saturated vapor injected to the flask
Mw: molar mass of aromatic hydrocarbon
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R: gas law constant 
T: 298.15 K
Analysis of the gas standard verified the linear response of the method. For all 
aromatic hydrocarbons, good calibration curves were obtained, with r^  values better 
than 0.9966. The reproducibility of thermal desorption from different tubes (packed 
with the same material) was as good as the replicate thermal desorption using the same 
tube. Repetitive analysis of the gas standard on the same tube showed that the gas 
standard prepared by the above method was stable and showed negligible change after 
8 hours. Repetitive preparation and analysis of gas standards also verified the 
reproducibility of the gas standard preparation procedure. Table 6.1 shows the results 
of triplicate thermal desorptions of 40 pL of the same aromatic hydrocarbon static gas 
standard loaded on the same Tenax-packed tube. Table 6.2 shows the results of 
integrated peak area of thermal desorptions of 40 pL of aromatic hydrocarbon static 
gas standards prepared on different days and loaded on different Tenax-packed tubes. 
Similar results were obtained for gas standards analysis using charcoal-packed tubes.
Table 6.1 Reproducibility of the thermal desorption process
Compound First
desorption
Second
desorption
Third
desorption
Average ± std 
deviation
Benzene 21.24 21.32 20.02 20.86 ±0.73
Toluene 20.79 16.89 15.86 17.85 ±2.60
Ethylbenzene 64.40 66.36 63.52 64.76 ±1.45
p-Xylene 33.65 33.07 27.88 31.53 ±3.18
o-Xylene 12.11 10.85 11.07 11.34 ±0.67
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Table 6.2 ReproducibUity of thermal desorption and standard preparation
process
Compound
5/25/97
experiment
5/26/97
experiment
5/27/97
experiment
5/28/97
experiment
Average
±std
deviation
Benzene 21.43 22.78 25.30 20.70 22.55 ±2.02
Toluene 14.90 16.22 20.26 16.12 16.88 ±2.33
Ethylbenzene 15.44 19.72 17.30 16.76 17.30 ±1.79
p-Xylene 28.27 2928 35.92 30.27 30.94 ±3.42
o-Xylene 11.30 11.34 12.74 13.03 12.10 ±0.91
The Tenax-packed tube analysis provides data for benzene, toluene, 
ethylbenzene, p-xylene, and o-xylene. The charcoal-packed tube analysis provides data 
on benzene and toluene. The results are combined to a single value for each target 
analyte.
Blank and Duplicate Analysis 
Analysis of transportation and material blanks showed that these blanks had 
negligible amount of the target analytes. Previously cleaned Tenax-packed tubes can 
release detectable, but not measurable amount of toluene after being stored for two 
weeks in the screw-cap vials with Teflon-lined cap, but did not release aromatic 
hydrocarbons if stored for 3 days. Therefore, the Tenax-packed tubes that were stored 
for more than 3 days were cleaned again before using them for new sampling. 
Charcoal-packed tubes, after being cleaned, could be stored in the screw-cap vials up 
to a week without any change.
Duplicate analysis could not be done for the same sampling tube since a tube
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could be thermally desorbed only once. Theoretically, a duplicate sample could be 
taken during the same period of time using a second sampling pump and sampling 
tube. This was not done in this study due to the lack of a second pump.
Dicarbottylic acid sampling and anatysis
Sampling site and plan 
The sampling site and sampling plan for dicarboxylic acids were exactly the 
same as that for aromatic hydrocarbons. In a preliminary study we found that glutaric 
acid was not detected in a number of ambient air samples and present at a very low 
level in others. Therefore, this diacid was not included among our target dicarboxylic 
acids.
Sampling procedure for dicarboxylic acids 
Dicarboxylic acids were sampled by filtration of ambient air through a quartz 
filter ( Pallflex Products Corporation, Putnam, Ct.). A preliminary test of the collection 
efficiencies of a neutral quartz filter and quartz filter treated with 1% KOH showed 
that at the sampling conditions in this study, a neutral filter collected dicarboxylic 
acids as efficiently as KOH-treated quartz filter (i.e. no breakthrough of dicarboxylic 
acids was observed). Therefore, neutral quartz filters were used for the collection of 
dicarboxylic acids. The filters were cut into 37 mm diameter disks through which air 
was drawn by a Dayton Speedaire rotary pump. Model 4Z 337 (Dayton Electric Mfg. 
Co., Chicago, 11.). Air flow rate through the filter was approximately 4-5 cubic meters
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per hour. Exact flow rate was determined based on a calibration curve of flow rate as a 
function of pressure drop across the filter, which was measured using a pressure gauge 
connected to the sampling tubing and placed between the sample holder and the 
sampling pump. Pressure drop was read at the beginning and at the end of each 
sampling period, and the average value was used for flow rate calculation. Samples 
were stored at room temperature and prepared for analysis within a week.
Analytical Procedure for Dicarboxvlic Acids 
The 37 mm diameter quartz filter was cut in fourths and put in a 25 mL beaker. 
The diacids were extracted from the filter with three sequential extractions with 2 mL, 
ImL and 1 mL of nanopure water, under sonication. The extracts were then combined 
in a 7 mL screw-cap vial with a Teflon-lined cap, which was then centrifuged to 
separate the extract from the filter debris. Afterward, the aqueous extract was 
transferred to a clean 7 mL vial and dried under vacuum in a desiccator after 10 pL of 
0.002 M chlorosuccinic acid was added as an internal standard. The use of an internal 
standard would correct for any variation in the injection volume.
After being completely dried, diacids were converted to dibutylesters and 
analyzed by GC. The method used is similar to that of Kawamura et a i, 1985. First, 
0.15 mL of derivatization reagent, boron trifluoride in butanol BFa/BuOH 14 % w/v 
(Alltech Associates, Inc.), was added to the vial with the diacids. The vial was then 
placed in a heater block at 100®C for 30 min to convert the diacids to their 
corresponding dibutylesters. After the reaction mixture was cooled to room
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temperature, 0.20 mL of trifluoroacetic anhydride, or TFAA, (Avocado, Ward Hills, 
MA) was added to convert the excess of butanol to the volatile trifluoroacetic butyl 
ester. After the addition of 1.50 mL methylene chloride (HPLC grade, Fisher 
Scientific Co, Fair Lawn, N.J.), the mixture was washed four times with 1.0 mL 
portions of nanopure water. The organic layer was then blown down to dryness under a 
nitrogen stream. Fifty ^L of methylene chloride was added to the vial, and 1.8 pL of 
the resulting solution was injected to the GC column.
Dicarboxylic acid dibutylesters were analyzed using an HP 5880A or an HP 
5890A gas chromatograph. Separation was done on an SPB fused silica column 30m x 
0.32 mm i.d., with 1.0 pm film thickness, or a high-resolution, crosslinked dimethyl 
silicone HP capillary column 12m x 0.2 mm i.d., with 0.32 pm film thickness. Helium 
was used as carrier gas, at a flow rate of 6.0 mL/min or 2.1 mL/min, respectively. A 
single-ramp temperature program was used. The column temperature was kept at 50°C 
for 2 min, then ramped at a rate of lO^C/min to 260°C, and finally kept at this 
temperature for 10 min. Peak areas were calculated by a HP 3396A integrator. A 
chromatogram of dicarboxylic acid butyl esters from an air sample (April 28, 1997, 
10:00 a.m. to 2:00 p.m.) is shown in Figure 6.3.
Identification of diacid dibutylesters were done by comparing their retention 
times with that of dibutylesters of authentic diacids. Positive identification of diacid 
dibutylesters was also confirmed by analysis using GC-MS.
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1 : Oxalic acid dibutylestar 
2: Malonic acid dibutylestar 
3: Succinic add dibutylester 
4: Adipic acid dibutylester 
5: Chlorosuccinic acid dibutylester 
(internal standard)
n*
Tim#
Figiff# 6.3 Chromatogram of an actual sample 
oontaning dicarboxylic adds
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Quality rnntrnl/Oualitv Assurance 
Breakthrough test
Breakthrough of diacids was tested by placing a second filter immediately after 
the first neutral quartz filter. In a breakthrough test performed on 1/27 /97, a quartz 
filter treated with potassium hydroxide 1% was used as the second filter. No 
breakthrough was observed for diacids. In a later breakthrough test conducted on 5/97, 
about 15% of oxalic acid was collected on the KOH-treated filter. However, when a 
neutral quartz filter was used as the second filter, instead of the KOH-treated filter, no 
diacid breakthrough was observed. This indicates that (1) 100% of the diacids in the 
particulate phase was collected on the first filter, and (2) with increasing temperature, 
some of the lower diacids may be partly present in the gaseous phase. However, since 
more than 85% of oxalic acid, and all of other diacids were collected on the first filter, 
the collection efficiency could be considered nearly quantitative.
Calibration
Calibration curves for diacids were obtained by estérification and analysis of a 
standard mixture containing known amounts of individual diacids. First, an aqueous 
stock solution was prepared so that the molar concentrations of oxalic, malonic, 
succinic and adipic acids were 0.005M, 0.0005M, 0.00025M, 0.00025M, respectively. 
Then, aliquots containing 3, 5, 10, 20, 40, and 60 pL of this stock solution, together 
with 10 pL of a 0.002M chlorosuccinic acid solution, were put into individual 7 mL 
screw-cap vials. After being dried in a desiccator, the diacid mixtures were esterified
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and analyzed by the analytical procedure previously described.
Peak areas of individual diacid dibutylesters were divided by the peak area of 
the internal standard, and the results plotted against the pg of diacid in the standard 
mixtures. Regression analysis gave linear relationships for the diacids, with r^  values 
from 0.993 to 0.998.
Calibration was performed for every 40-50 samples by repeating the calibration 
procedure described above.
Blank and replicate analysis
Triplicate injections of the same diacid dibutylester mixture showed a variation 
within 5-11% for dicarboxylic acids. The results of analysis for an actual sample, taken 
from 6:00 a.m. to 10:00 a.m. on 5/23/97, is shown in Table 6.3.
Replicate analysis (including sample preparation and estérification process) 
was not done on actual samples. However, the uncertainties of the method for the 
analysis of dicarboxylic acids could be estimated by replicate analysis of standards. 
Results of a triplicate analysis of three different diacid standard mixtures, all 
containing 20pL of the stock solution and lOpL of chlorosuccinic acid 0.002 M, are 
shown in Table 6.4. The results indicated that at the concentration of the standard 
mixture, the uncertainty was from 3 to 15% for different diacids.
Material blank analysis showed that neutral quartz filter did not contain 
detectable amounts diacids. Reagent blanks and procedural blanks were run regularly 
and showed no detectable amounts of diacids, but in some cases some additional peaks
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Compound
Peak area 
ratio vs. 
int. std., 
injection 
#1
Peak area 
ratio vs. 
int std.. 
Injection 
#2
Peak area 
ratio vs. 
Int. std.. 
Injection 
#3
Average peak 
area ratio vs. 
int std.
X±Sx
(Sx/x)
>100
Oxalic acid 3.61 3.17 3.37 3.38 ±0.22 5.6 %
Malonic acid 0.801 0.741 0.919 0.820 ±0.090 11 %
Succinic acid 0.611 0.650 0.730 0.664 ±0.061 9.2%
Adipic acid 0.110 0.101 0.112 0.108 ±0.006 5.6 %
Table 6.4 Results of triplicate analysis of a diacid standard
Compound
Peak area 
ratio vs. in t  
std., 
experiment 
1
Peak area 
ratio vs. int.
std.,
experiment
2
Peak area 
ratio vs. in t  
std., 
experiment 
3
Average peak 
area ratio
X±Si
(s>/x)
xlOO
Oxalic acid 
Malonic acid 
Succinic acid 
Adipic acid
1.959
0.4085
0.3119
0.3736
1.819
0.3177
0.2544
0.3188
1.902
0.2959
0.2334
0.2856
1.893 ±0.058 
0.339 ±0.050 
0.267 ± 0.033 
0.326 ±0.036
3.0 % 
14.7% 
12% 
11%
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Recovery for Dicarboxylic Acid Extraction 
The efficiency of the extraction process for dicarboxylic acids was determined 
by the experiment described below. An unsampled quartz filter was spiked with 20 pL 
of the same stock solution of dicarboxylic acids previously mentioned. After being 
dried, the quartz filter was sequentially extracted with 2.0, then l.OmL, and then 
another 1.0 mL of nanopure water. The extracts were combined, separated from filter 
debris, and transferred to a clean 7 mL screw-cap vial. Ten pL of 0.002 M 
chlorosuccinic acid were added to the test tube and the mixture was dried in 
desiccator. For comparison, control samples were prepared by putting 20 pL of the 
stock solution of dicarboxylic acids and 10 pL of chlorosuccinic 0.002 M into another 
vial and dried in desiccator. The extracts and the control samples were esterified and 
analyzed by the same procedure used for samples.
Duplicates of the filter extract and the control samples were analyzed. 
Averaged percent recovery for each diacid was calculated from:
(averaged peak ratio in extract) 
average % recovery =   x 100
(averaged peak ratio in control sample)
The results showed that the average % recoveries for the extraction of oxalic, 
malonic, succinic, and adipic acids, as determined by this experiment, were between 
95 -100 %. Therefore, the concentration of dicarboxylic acids reported in this work 
were not corrected for % recovery. Results of the recovery test are presented in 
Table 6.4.
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Table 6.5 Recovery of Dicarbottylic Acid Extraction
Compound
Peak area 
ratio in 
control #1
Peak area 
ratio in 
control #2
Peak area 
ratio in 
filter 
extract #1
Peak area 
ratio in 
filter 
extract #2
Average
%
recovery
Oxalic acid 
Malonic acid 
Succinic acid 
Adipic acid
1.995
0.3216
0.2433
0.2968
2.011
0.3386
0.2667
0.3238
1.832
0.332
0.253
0.310
1.971
0.295
0.256
0.295
94.9 % 
95.0 % 
99.8 % 
97.5 %
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RESULTS AND DISCUSSION
Atmospheric Concentrations of Aromatic 
Hydrocarbons and Dicarboxylic Acids
Concentrations C of individual aromatic hydrocarbons and dicarboxylic acids 
were expressed as pg per cubic meter of air:
mass in pg 
volume in m^  of air
The mass of individual aromatic hydrocarbons or dicarboxylic acids in the 
sample was calculated based on the standard linear calibration curves:
y = mx + b
where y: peak area (for aromatic hydrocarbons)
peak area ratio vs. internal standard (for dicarboxylic acids)
X: pg of aromatic hydrocarbon or dicarboxylic acid 
b: intercept
To eliminate the variation of air volume due to changes in atmospheric 
conditions such as temperature and pressure, the volumes of air sampled were 
converted to values at STP conditions (1 atmosphere, 273.15K).
Concentrations of individual aromatic hydrocarbons and dicarboxylic acids in 
Las Vegas ambient air, as measured from 4/7/97 to 6/97, are summarized in Table 7.1
54
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and Table 7.2, respectively.
Table 7.1 Concentration of Aromatic Hydrocarbons in Las Vegas Ambient Air
(pg/m^
Date Time Benzene Toluene Ethylben­
zene
m-and
p-Xylene
o-
Xylene
April? M* 528 8.03 2.13 18.21 7.84
Nn 1.78 2.68 4.89 3.02 1.98
A 1.20 1.20 0 0.65 3.33
E 2.49 12.97 1.33 7.89 3.66
Nt 4.03 12.77 1.26 10.43 4.31
Aprils M 6.63 17.76 2.07 17.27 7.06
Nn 1.82 4.59 0.40 17.27 7.06
A 1.25 1.80 0.145 2.39 1.66
E 0.856 1.63 0.023 1.09 0.730
Nt 0.756 1.44 0.071 0.859 0.479
April 9 M 1.71 2.32 0.123 1.04 0.903
Nn 0.941 1.24 0.028 0.615 0.715
A 1.02 1.88 0.023 1.34 1.11
E 1.35 2.69 0.115 1.88 1.45
Nt 0.619 1.21 0.084 0.928 0.590
April 10 M 1.52 1.33 0.069 0.79 0.918
Nn 1.14 0.78 0 0.45 0.86
A 0.766 0.900 0.0076 0.534 0.969
E 1.50 3.15 0.179 2.04 1.46
Nt 0.938 1.63 0.137 1.14 0.662
April 11 M 1.20 1.60 0.071 0.938 0.823
Nn 1.05 0.886 0 0.276 0.613
A 0.917 1.13 0 0.504 0.542
E 0.908 3.13 0.0637 1.51 0.973
April 14 M 4.10 10.1 0.853 8.54 3.30
Nn 1.56 1.37 0.0478 0.741 0.900
A 0.348 0.674 0 0.277 0.542
E 2.22 5.30 0.336 3.70 2.24
Nt 3.39 12.3 1.03 9.16 4.04
April 15 M 3.98 11.8 1.16 10.7 4.23
Nn 1.56 1.66 0.142 1.78 1.21
A 0 0.536 0 0.216 0.435
E 1.98 6.40 0.514 4.73 2.78
Nt 3.71 12.9 1.31 11.1 4.75
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Table 7.1 (continued) Concentration of Aromatic Hydrocarbons in Las Vegas
Ambient Air (pg/m^
Date Time Benzene Toluene Ethylben­
zene
m-and p- 
Xylene
o-
Xylene
April 16 M 6.03 15.1 1.53 13.3 5.69
Nn 1.02 0.914 0.051 0.933 0.934
A 0.548 0.474 0 0.159 0.788
E 2.96 8.01 0.720 3.45 3.58
Nt 3.78 12.8 1.22 11.5 5.00
April 17 M 4.65 11.3 1.32 13.1 5.64
Nn 1.06 2.11 0.179 2.19 1.21
A 0.353 0.618 0 0.531 0.592
E 0.355 2.21 0 0.895 1.78
Nt 0.544 1.97 0.0957 1.21 0.720
April 18 M 1.23 2.43 0.151 2.19 0.971
Nn 0.676 1.16 0 0.546 0.639
A 0.520 1.25 0 0.439 0.592
E 0.280 1.93 0 0.858 0.873
April 21 M 0.996 2.77 0.170 2.46 1.30
Nn 0.489 0.258 0.292 0.607 0.713
A 0.459 0.591 0.0058 1.04 0.726
E 0.484 1.72 0.0298 1.46 0.941
Nt 0.328 0.603 0.0499 0.636 0.388
April 22 M 0.973 0.695 0.0181 0.648 0.565
Nn 0.609 0.824 0.101 0.636 0.443
A 0.609 0.082 0.101 0.636 0.443
E 1.56 4.33 0.470 4.16 2.17
Nt 1.21 2.68 0.303 2.68 1.41
April 23 M 1.07 1.86 0.0751 1.18 0.920
Nn 0.387 0.467 0 0.506 0.811
A 0.267 0.488 0 0.434 0.545
E 0 0.313 0 0 0
Nt 0.216 0.402 0.00228 0.371 0.217
April 24 M 0.758 0.491 0 0.124 0.332
Nn 0.181 0.391 0 0.166 0.343
A 0.635 0.840 0.0238 0.711 0.387
E 0.473 0.491 0.0201 0.611 0.261
April 28 M 0.810 2.87 0.119 2.08 1.28
Nn 0.452 1.29 0 0.570 0.768
A 0.219 0.339 0 0.650 0.349
E 0.0889 0.872 0 0.503 1.00
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Table 7.1 (continued) Concentration of Aromatic Hydrocarbons in Las Vegas
Ambient Air (pg/m^
Date Time Benzene Toluene Ethylben­
zene
m-and p- 
Xylene
o-
Xylene
April 28 Nt 0-431 3.85 0.0108 0.554 0.376
April 29 M 1.08 2.66 0.145 2.03 0.936
Nn 0.236 2.19 0.155 3.06 1.13
A 0.271 0.302 0 0.744 0.373
E 0.199 1.86 0 1.28 0.704
Nt 0.491 1.20 0.0762 0.986 0.473
April 30 M 0.780 1.92 0.105 1.25 0.874
Nn 0.741 1.09 0 0 0.479
A 0.480 0.546 0 0.274 0.712
E 0.0310 0.812 0 0.406 0.357
Nt 0.342 0.337 0.0176 0.466 0.298
May 1 M 0.929 0.512 0 0.459 0.340
Nn 0.303 0.216 0 0 0
A 0.474 0.486 0 0.641 0.355
E 0.922 1.09 0 0.494 0.600
Nt 0.814 0.869 0 0.796 0.406
May 2 M 0.863 0.805 0 0.428 0.456
Nn 0.863 0.805 0 0.428 0.456
A 0.382 0.224 0 0.338 0.253
E 2.86 6.44 0.361 4.73 2.47
May 5 M 3.25 7.70 0.999 9.15 3.52
Nn 0.426 0.173 0 0.327 0.338
A 0 0.375 0 0 1.14
E 0.0219 0.472 0 0.147 0.474
Nt 0.988 2.90 0.228 2.71 1.09
May 6 M 1.81 2.58 0.331 3.50 1.73
Nn 0.411 0.316 0 0.310 0.364
A 0.165 0.190 0 0.268 0.334
E 0.258 1.04 0 0.675 0.655
Nt 0.712 1.98 0.136 0.0903 0.856
May 7 M 0.968 0.971 0 0 0.664
Nn 0.466 0.333 0 0.256 0.279
A 0.466 0.333 0 0.256 0.279
E 0.234 1.05 0 0.790 0.486
Nt 1.27 6.04 0.410 3.40 1.89
May 8 M 2.25 2.28 0.410 4.83 2.10
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Table 7.1 (continued) Concentration of Aromatic Hydrocarbons in Las Vegas
Ambient Air (pg/m^
Date Time Benzene Toluene Ethylben­
zene
m-and p- 
Xylene
o-
Xylene
May 8 Nn 0.401 0 0 0.0545 0.288
A 2.06 0.690 0 0.00974 0
E 0.361 1.23 0 0.992 0.652
Nt 0.721 1.49 0.131 1.50 0.739
May 9 M 1.33 2.05 0.149 2.64 1.16
Nn 0.829 0.444 0 0 0
A 0.397 0.372 0 0.385 0.352
E 0.516 1.15 0 0.699 0.811
May 12 M 1.49 2.08 0.183 2.72 1.35
Nn 0.591 0 0.770 0.237 1.02
A 0.486 0.127 0 0.0672 0.269
E 1.07 3.34 0 1.20 0.838
Nt 1.76 4.54 0.379 2.87 1.53
May 13 M 2.46 4.90 0.702 5.90 3.13
Nn 0.185 0.115 0 0.335 0.533
A 0.166 0.0806 0 0.205 0.266
E 0.439 1.13 0 0.777 0.585
Nt 0.535 1.46 0.0948 1.11 0.709
May 14 M 1.64 3.05 0.440 4.18 2.11
Nn 0.202 0.0676 0 0.361 0.897
A 0.349 0.818 0 0.488 0.305
E 0 0.332 0 0.266 0
Nt 0.839 1.68 0.108 1.58 0.769
May 15 M 1.59 1.72 0.303 3.58 1.97
Nn 0.506 0.125 0 0.237 0.303
A 0.499 0.578 0 0.231 0.252
E 0.369 0.580 0 0.351 0
Nt 0.782 2.80 0.140 1.57 0.807
May 16 M 1.96 4.35 0.602 5.27 2.48
Nn 1.46 0 0 0.836 0.571
A 0.302 0.0671 0 0.204 0
E 0.962 1.98 0 1.68 1.16
May 19 M 1.42 2.95 0.207 2.91 1.38
Nn 0.698 0.323 0 0.853 0.357
A 0.192 1.06 0 1.20 0.565
E 0.405 0.864 0 0.378 0.637
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Table 7.1 (continued) Concentration of Aromatic Hydrocarbons in Las Vegas
Ambient Air (pg/m^
Date Time Benzene Toluene Ethylben­
zene
m-and p- 
Xylene
0-
Xylene
May 19 Nt ^ 0.374 0.588 0.0379 0.671 0.383
May 20 M 1.11 2.56 0.208 2.515 1.18
Nn 0.251 0.115 0 0 0
A 0.389 0.471 0 0.600 0.328
E 0.539 1.60 0 1.01 0.605
Nt 0.545 1.46 0.0739 1.03 0.535
May 21 M 0.896 1.28 0 1.49 0.669
Nn 0.513 0.158 0 0.0287 0
A 0.442 0.324 0 0.239 0.265
E 0.277 1.69 0 0.567 0
Nt 0.260 1.05 0.0568 0.862 0.451
May 22 M 0.874 1.99 0.106 1.22 0.734
Nn 0.874 1.99 0.106 1.22 0.734
A 0.616 0 0 0.261 0.392
E 0.315 0.376 0 0.440 0.362
Nt 0.283 1.21 0.0567 0.867 0.452
May 23 M 0.300 0.771 0 0.127 1.260
Nn 0.407 0.480 0 0.0439 0
A 0 0 0 0 0
E 0 0.183 0 0 0
June 2 M 0.902 1.82 0.0870 1.53 0.732
Nn 0.711 0 0 0.170 0.334
A 0.508 0 0 0.0870 0.316
E 0 0 0 0 0
Nt 0.417 0.663 0.0536 0.627 0.337
June 3 M 0.942 0.507 0 1.16 0.524
Nn 0.350 0.00520 0 0 0
A 0.454 0.184 0 0.0858 0.371
E 0.285 0.193 0 0.0476 0.292
Nt 0.473 0.705 0 0.157 0.147
June 4 M 1.03 0.242 0 0.307 0.495
Nn 0.356 0.157 0 0.247 0.259
A 0.373 0.758 0 0.0879 0.387
E 0 0 0 0 0
Nt 0 0.447 0 0.710 0.454
June S M 0.445 0.254 0.166 0.615 0.369
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Table 7.1 (continued) Concentration of Aromatic Hydrocarbons in Las Vegas
Ambient Air (pg/m^
Date Time Benzene Toluene Ethylben­
zene
m-and p- 
Xylene
0-
Xylene
June S Nn 0 0.487 0 0.0385 0
A 0.351 0.399 0 0.586 0.323
E 0 0.145 0 0.204 0.408
Nt 0.390 0.216 0.0177 0.416 0.221
June 6 M 0.523 0.789 0 1.16 0.698
Nn 0.343 0.142 0 0.144 0.287
A 0.296 0.739 0 0.876 0.609
E 1.02 1.95 0.243 1.67 0.823
June 9 M 2.23 4.66 0.517 4.43 2.22
Nn 0 0.00497 0 0 0
A 0.410 0.0240 0 0.0748 0.230
E 0.385 0.197 0 0 0
Nt 0.675 2.94 0.135 1.51 0.729
June 10 M 0 0 0 0 0
Nn 0.883 0 0 0.0584 0
A 0.361 0.0714 0 0.221 0.229
E 0.412 0.694 0 0.460 0.272
Nt 0.281 0.576 0 0.510 0.345
June 11 M 0.432 0.202 0 0.275 0.367
Nn 0.643 0.214 0 0.195 0.247
A 0.383 0.262 0 0 0
E 0 0.432 0 0.141 0.265
M: morning (from 6:00 a.m. to 10:00 ajn.)
Nn: noon (from 10:00 a.m. to 2:00 p.m.)
A: afternoon (from 2:00 p.m. to 6:00 p.m.)
E: evening (from 6:00 p.m. to 9:00 p.m.)
Nt: night (from 9:00 p.m. to 6:00 a.m. the next day)
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Table 7.2 Concentration of Dicarboxylic Acids in Las Vegas Ambient Air (pg/m^
Date Time Oxalic acid Malonic acid Succinic
acid
Adipic
acid
April 7 M* 0.321 0.0486 0.0418 0.00923
Nn 0.253 0.0532 0.0301 0.00982
A 0.254 0.0436 0.0258 0.00967
E 0.303 0.0447 0.0431 0.0229
Nt 0.159 0.0279 0.0297 0.0106
Aprils M 0.306 0.0413 0.0400 0.0224
Nn 0.171 0.0203 0.0430 0.0349
A 0.177 0.0186 0.0173 0.00888
E 0.204 0.0192 0.0195 0.00649
Nt 0.130 0.0204 0.0170 0.00421
April 9 Nn 0.141 0.0200 0.0177 0.00544
A 0.136 0.0160 0.0255 0.0102
E 0.145 0.0158 0.0182 0.00799
Nt 0.058 0.0075 0.00902 0.00402
April 10 M 0.080 0.0103 0.0154 0.00787
Nn 0.158 0.0200 0.0140 0.00819
A 0.109 O.OIOI 0.0157 0.00736
E 0.266 0.00387 0.000932 0.00647
Nt 0.087 0.0113 0.0115 0.00238
April 11 M 0.129 0.0154 0.0207 0.00518
Nn 0.090 0.0088 0.0168 0.00580
A 0.179 0.0128 0.0169 0.00606
E 0.189 0.0182 0.0230 0.00733
April 14 M 0.584 0.00342 0.00825 0.00572
Nn 0.134 0.0125 0.00396 0.00561
A 0.168 0.0202 0.0197 0.00677
E 0.220 0.0232 0.0380 0.0147
Nt 0.221 0.0334 0.0166 0.0114
April IS M 0.623 0.0272 0.0205 0.00961
Nn 0.273 0.0298 0.0560 0.0130
A 0.288 0.0193 0.0252 0.00805
E 0.233 0.0216 0.0321 0.00997
Nt 0.159 0.0230 0.0270 0.00476
April 16 M 0.376 0.0416 0.0351 0.0140
Nn 0.199 0.0305 0.0205 0.00825
A 0.191 0.0244 0.0241 0.00817
E 0.295 0.0262 0.0370 0.0123
Nt 0.193 0.0302 0.0321 0.00600
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Table 7.2 (continued) Concentration of Dicarboxylic Acids in Las Vegas
Ambient Air (pg/m^
Date Time Oxalic acid Malonic acid Succinic
acid
Adipic
acid
May 6 M 0.523 0.0864 0.0595 0.0144
Nn 0.224 0.00249 0.0108 0.00468
A 0.992 0.0108 0.0162 0.00908
E 0.992 0.0108 0.0162 0.00908
Nt 0.111 0.00849 0.0122 0.00581
May 7 M 0.234 0.0132 0.0140 0.0112
May 16 M 0.414 0.0285 0.0369 0.0134
Nn 0.435 0.0308 0.0310 0.0133
E 0.423 0.00379 0.00808 0.0253
May 19 M 0.348 0.0307 0.0398 0.0148
A 0.122 0.0438 0.0238 0.0177
E 0.223 0.0424 0.0391 0.0421
Nt 0.136 0.0342 0 0
May 20 Nn 0.305 0.00267 0.00354 0.00503
A 0.146 0.0773 0 0.0146
E 0.307 0.0332 0.0255 0.0168
Nt 0.255 0.0212 0.00136 0.0186
May 21 M 0.317 0 0 0.0357
Nn 0.350 0 0.0177 0
A 0.390 0.0330 0.0393 0.0174
Nt 0.361 0.0215 0.0235 0.00899
May 22 M 0.195 0.0981 0.0431 0.0195
Nn 0.495 0.0982 0.0431 0.0195
E 0.562 0.0945 0.0503 0.0102
Nt 0.381 0.0410 0.0271 0.00823
May 23 M 0.459 0.0421 0.0408 0.0102
* notes are the same as for Table 7.1
Concentrations of aromatic hydrocarbons from 4/7/97 to 6/97 were in the low 
pg/m  ^range. Concentration of benzene, toluene, ethylbenzene, p- and m-xylene, and o- 
xylene were 0-6.6 pg/m ,^ 0-17.8 pg/m ,^ 0-2.1 pg/m ,^ 0-18.2 pg/m^, and 0 -7.8 pg/m ,^ 
respectively. Among the aromatic hydrocarbon species, toluene and p- and m-xylene 
were the most abundant, followed by benzene and o-xylene. Ethylbenzene was the
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least abundant aromatic hydrocarbon measured in the study. The concentration of 
aromatic hydrocarbons measured in this study were similar to that of aromatic 
hydrocarbons measured in other cities of the United States (Edgerton et a i, 1989).
Concentrations of dicarboxylic acids in Las Vegas ambient air from 3/97 to 
5/97 were in the range of low pg/m .^ Concentrations of oxalic acid, malonic acid, 
succinic acid, and adipic acid were 0-0.80 pg/m ,^ 0-0.12 pg/m ,^ 0-0.081 pg/m ,^ and 0- 
0.042 pg/m ,^ respectively. Of the four dicarboxylic acids studied, oxalic acid was the 
most abundant species, followed by malonic acid and succinic acid. Adipic acid was 
the least abundant species. This distribution of dicarboxylic acid species is similar to 
that reported in Kawamura and Dcushima, 1993.
Discussion
Sources of aromatic hvdrocarbons 
Aromatic hydrocarbons were detected and measured in each of over 200 air 
samples taken on UNLV campus from early 4/97 to early 6/97. There were very strong 
correlations among the various aromatic hydrocarbons measured. When different 
aromatic hydrocarbon concentrations were plotted against the toluene concentration, 
linear relationships with correlation coefficient r^  from 0.84 to 0.91 were obtained. 
This result strongly suggests that these aromatic hydrocarbons were probably emitted 
from the same sources. Correlations among aromatic hydrocarbons are shown in 
Figure 7.1.
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There were good correlations between aromatic hydrocarbons measured on 
UNLV campus and carbon monooxide, CO, measured on an air-monitoring site about 
1 mile away (Flamingo East air monitoring station. Las Vegas). For these data, r^  
values from 0.44 to 0.53 were obtained for the linear regression between aromatic 
hydrocarbons and CO, with a total of 160 data points. Considering the large number of 
data points collected, these correlations are highly significant (Bevington and 
Robinson, p 198-201) This was consistent with the well-documented fact that both 
aromatic hydrocarbons and CO are emitted fiom automobiles. The correlation between 
aromatic hydrocarbons and CO are shown in Figure 7.2.
Atmospheric photooxidation of aromatic hydrocarbons 
There was a clear and consistent diurnal variation for all aromatic 
hydrocarbons. Concentrations of aromatic hydrocarbons were lower in the daytime, 
with a minimum in the afternoon. Diurnal variations of aromatic hydrocarbons for 
three sampling periods, 4/7 to 4/11/97,4/14 to 4/18/97, and 4/28 to 5/2/97 were shown 
in Figures 7.3, 7.4, and 7.5, respectively. During some days of the observation period 
(4/7/97, and 4/14 to 4/16/97), dramatic decreases in aromatic hydrocarbon 
concentrations were observed in the daytime. This, of course, did not automatically 
mean that aromatic hydrocarbons were destroyed by atmospheric photooxidation. The 
nature of the atmosphere is so complex that there are many factors that can affect the 
concentration of a species at any time. One of the factors that could have caused the 
decrease in aromatic hydrocarbon concentration was the increase in the height of the
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mixing layer during daytime, thus increasing the volume of the air mass in which 
aromatic hydrocarbons were confined. The several days mentioned above happened to 
be the days with meteorological conditions, characterized by calm wind (around 0 to 5 
miles/hr, or 0 to 8 km/h), relatively high concentrations of aromatic hydrocarbons 
(about 5-10 times higher than that of the remaining days of the observation periods), 
and bright sunlight. Therefore, these days possessed nearly ideal conditions for the 
observation of the photochemical disappearance of aromatic hydrocarbons, since the 
air mass in which concentrations of aromatic hydrocarbons were measured could be 
considered a contained in a somewhat closed natural photochemical reactor. 
Measurements at the Flamingo air-monitoring station nearby also showed a higher 
concentration of CO during these days, and a clear diurnal variation of CO, similar to 
that of aromatic hydrocarbons, i.e. decreasing during the daytime. CO concentrations 
measured at Flamingo station during three observation periods mentioned above are 
shown in Figures 7.6, 7.7, and 7.8.
An interesting feature of carbon monooxide, CO, is that it known as a 
relatively stable gas in the atmosphere. It does undergo chemical reaction, but its 
reaction rate constant with OH radical is much lower than those of aromatic 
hydrocarbons. Therefore any decrease in its concentration would be due to factors 
other than chemical reactions, such as dilution due to an increase in mixing height, or 
due to turbulent mixing caused by the wind. Since the wind during these days was 
calm, the latter could be ruled out, and the decrease in CO concentration during 
daytime could be roughly attributed to dilution because of increasing mixing height.
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Since dilution affects every gaseous species in the air mass the same way, if the 
concentrations of aromatic hydrocarbons were divided by the concentration of CO, the 
results should show if chemical consumption of aromatic hydrocarbons actually 
occurred. One uncertainty of this normalization was that CO, a gas known to have 
uneven spatial distribution, was not measured at the same site where aromatic 
hydrocarbons were measured. However, since the site where CO was monitored is 
relatively close (distance about 1.6 km or I mile) to the aromatic hydrocarbon 
sampling site, observed CO and aromatic hydrocarbons would hopefully represent the 
same air mass.
Diurnal variations of the ratios of aromatic hydrocarbons to CO for the 
sampling period from 4/14/97 to 4/18/97 were shown in Figure 7.9. After ruling out 
the dilution factor, a decrease in aromatic hydrocarbon concentrations was still 
observed. This finding is strong evidence that aromatic hydrocarbons were in fact 
consumed by photochemical oxidation during the daytime. The decrease in aromatic 
hydrocarbon concentration was more pronoimced for toluene, ethylbenzene, and m- 
and p-xylene than for benzene. This result is consistent with the differences in relative 
rate constants of aromatic hydrocarbon reaction with OH radicals. The o-xylene 
concentration, however, decreased to a lesser extent than the toluene, p- and m-xylene, 
and ethylbenzene concentrations. This was not consistent with the relative rate 
constants of these compounds.
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Figure 7.6 Concentration of CO, East Flamingo. 4/7/97 to 4/11/97
a) Hourly CO concentration (data provided by Clark 
Courity Health District)
b) CO concentration, averaged for sampling periods
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Sources of dicarboxvlic acids 
The variations of dicarboxyiic acid concentrations during three sa m p lin g  
periods, i.e. from 4/7/97 to 4/11/97, 4/14 to 4/18/97, and 4/28 to 5/2/97 are shown in 
Figures 7.10, 7.11, and 7.12, respectively. There were no clear diurnal variations of 
dicarboxyiic acids. Attempts to compensate for the dilution effect by dividing the 
dicarboxyiic acid concentrations by CO concentrations measured at Flamingo site may 
not work, since (1) CO came mostly from automobile exhausts while diacids may have 
sources other than automobile exhausts, and (2) CO and diacids are present in different 
phases, and thus may have been affected differently by the dilution effect. When 
concentration of dicarboxyiic acids are normalized by the CO concentration, an 
increase in dicarboxyiic acid ratios to CO was seen. This was probably due to the fact 
that concentrations of dicarboxyiic acids varied within a factor of 2, while 
concentrations of CO decreased about 5 to 10 fold during the daytime, causing the 
ratios of dicarboxyiic acids to CO to be high during the daytime. If, however, 
concentrations of dicarboxyiic acids had been affected by dilution effect the same way 
CO was, this would mean that dicarboxyiic acids could have been produced by 
photochemical reactions during daytime. The variations in ratios of dicarboxyiic acids 
to CO for the sampling period from 4/14/97 to 4/18/97 were shown in Figure 7.13.
The lack of a diumal variation of dicarboxyiic acids, however, does not mean 
that dicarboxyiic acids were not produced by photochemical oxidation of atmospheric 
species. The production of dicarboxyiic acids and dilution would have opposite effects 
on dicarboxyiic acid concentration; i.e. the photochemical production would increase
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concentration, and dilution would decrease concentrations of dicarboxyiic acids. 
Dicarboxyiic acids and aromatic hydrocarbons were very different in their physical 
properties and their mechanism of removal from the atmosphere. The fact that they 
were measured in different phases presents additional challenges to the problem. The 
residence times of dicarboxyiic acids may greatly differ from residence times of 
aromatic hydrocarbons, due to the different nature of their removal processes, which 
may further complicate the interpretation of data. Dicarboxyiic acids may also have 
been resuspended into the atmosphere from sediments such as dust, presenting 
additional difficulty in interpreting their measured concentration.
In order to understand what processes may have affected observed dicarboxyiic 
acid concentrations, let us have a look at one of the simplest forms of an atmospheric 
model: a well-stirred box model. Let us consider the air mass over an urban area to be 
represented by a box, such as that drawn in Figure 7.14. If H is the height of the box 
(H can be considered the mixing height), W is its width, and L is its length. In a steady 
state, the mass balance can be expressed as follows:
QCi„ + mj„ =QCout (7.1)
where Q is the flow rate of the air through the box. Cm and Gout are the concentrations 
of species of interest in the incoming and outcoming air, respectively, and mm is the 
mass generation rate of the species in the box. For an area such as a city, where 
sources of species are area-related (such as emission from soil, vegetable, cars, etc.), 
mjn is the product of the area, WL, and the emission rate per unit area is qcmission- If the
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wind is considered to be coming from a direction perpendicular to the end of the box 
with an average wind speed u. Equation 7.1 can be rewritten as:
uWHCin + qemissionLW = U WHCout (7.2)
since Q = uWH.
If chemical production is included in the model, then another term must be 
added to the left side of Equation 7.2. This term is volume-related, rather than area- 
related. If qchem is called the rate of production per unit volume, production of the 
species of interest would be represented by qchcmWLH, and Equation 7.2 becomes 
uWHCin + q«nissionWL + qchemWLH = U WHCom (7.3)
By rearranging Equation 7.3, the concentration Cout can be expressed as a function of 
concentration Cm of the incoming air, and wind speed u:
Cout ~ Cin (qemissionL)/(uH) + (qchem L)/u (7.4)
The first term on the right of equation 7.4 represents the contribution of incoming air, 
the second term represents the contribution of both natural and man-made emissions, 
and the third term represents the contribution of chemical production to the resulting 
concentration of species of interest.
Now let us have a look at the actual concentration of dicarboxyiic acids during 
same three sampling periods previously mentioned. For an easier visualization of the 
data, the concentrations of individual dicarboxyiic acids for three sampling periods 
were plotted on the same graph with the concentrations of toluene and CO (measured 
at Flamingo air-monitoring station). Toluene was chosen as a representative for the 
aromatic hydrocarbons because all aromatic hydrocarbons were well-correlated with
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each other. For the sampling period from 4/7/97 to 4/11/97. oxalic, malonic. succinic, 
and adipic acid concentrations are plotted in Figures 7.15a, 7.15b. 7.15c, and 7.15d. 
respectively. For the sampling period of 4/14/97 to 4/18/97. these diacids are plotted in 
Figures 7.16a, 7.16b. 7.16c, and 7.16d, respectively, and for the sampling period of 
4/28/97 to 5/2/97, they are plotted in Figures 7.17a, 7.17b, 7.17c, and 7.17d, 
respectively.
Chemical Rxns
Figure 7.14 A shnpie well-stirred hex model
Weather conditions during these sampling periods were obtained from a local weather 
service (News 13 Nexrad NeighboAood Weather Center) of News 13 Television 
Station in Las Vegas, and were summarized in Tables 7.3,7.4, and 7.5.
From the box model equation, when wind speed increases, the second term and 
the third term on the right of Equation 7.4 diminish, or in other words, local
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photochemical production and/or local emissions will have less effect on the measured 
species concentrations, Coub and the amount of species measured in the box will most 
likely come from the incoming air. Looking at Figures 7.16a to 7.16d, while toluene 
and CO followed similar pattern, dicarboxyiic acids had a different pattern. Starting 
from April 17, when the wind picked up, toluene and CO concentrations decreased, 
but an initial increase could be observed for every diacid. High initial concentrations 
of dicarboxyiic acids during windy conditions indicated that dicarboxyiic acids 
measured may have originated from elsewhere and were transported to the region by 
the wind. Strong winds may also have resuspended particles which had previously 
settled down and which might contain dicarboxyiic acids, and thus may have 
contributed to the observed initial increase in diacid concentrations.
On the other hand, when wind speed is low, the second and the third term on 
the right of Equation 7.4 becomes more significant. Such low wind speed was 
observed from April 14 to April 16, and on April 7. Local emission and/or production 
were likely to be the sources of the dicarboxyiic acids measured during these days.
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Table 7J Weather conditions, 4/7 to 4/11/97
98
Tempe­ Pressure Humi-
Date Time rature
m
C’Hg) di^
(%)
Sky Wind
4/7/97 Morning 48-66 29.99 38 bright
sunny
very light
Afternoon 71-74 29.96 18 light east 
wind
Evening/ 63- 29.93 15-17 light east
Night 65/50’s wind
4/8/97 Morning 58-74 29.98 32 partly
cloudy
southwest
Afternoon 73-76 29398 20 clear southwest, 
10-15 m/h*
Night 60s 29.82 12 southwest 
22-30 m/h
4/9/97 Morning 48-57 29.91 20 cloudy cold wind, 
north west
Afternoon 55-57 29.91 20 cloudy/ 
sunny, 
may rain
northwest/n
orth
Night 52-53 29.81 40 northwest 
12 m/h
4/10/97 Morning 46-55 29.79 20-22 cloudy,
possible
sprinklers
northwest
12m/h
Afternoon 67-68 29.81 20
Night low 50's 29.90 N/A northeast 
22-30 m/h
4/1197 Morning 46-56 29.90 32 clear/partl 
y cloudy
northeast 22 
m/h
Afternoon 65-68 29.90 24 clear north/north
east
Evening 55-57 29.88 18 west, light
*.: miles per hour
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Table 7.4 Weather conditions, 4/14/97 to 4/18/97
99
Date Time
Tempe­
rature
_ m
Pressure
C’Hg)
Humi­
dity
(%)
Sky Wind
4/14/97 Morning 65 29.93 14 clear calm
Afternoon 76 29.94 14 clear calm
Night 50's 29.96 12 clear calm
4/15/97 Morning 77 29.96 23 clear light
Afternoon 83 29.98 13 clear variable
5m/h*
Night 50's 30.02 13 light
4/16/97 Morning 75 29.99 22 clear calm/west.
light
Afternoon 85 29.99 15 clear north/west.
light
Night 50's 29.99 14 light
4/17/97 Morning 72 30.02 13 clear calm/west.
light
Afternoon 87 30.02 13 clear calm
Evening/ 73/ 29.89 13 partly southwest.
Night 50's cloudy 5-15m/h
4/18/97 Morning 82 29.89 N/A partly south, 5-15
cloudy m/h
Afternoon 89 29.98 N/A clear 15-20 m/h
Evening 77 29.98 N/A 10-15 m/h
* ; miles per hour
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Table 7.5 Weather conditions, 4/28 to 5/2/97
100
Tempe Pressur Humi­
Date Time rature
CF) _
e (”Hg) dity (%) Sigr Wind
4/28/97 Morning 67-78 29.96 28 clear southwest, 
15 m/h*
Afternoon 86-88 29.96 19 clear south, 3 
m/h
Night 60’s 29.87 13 south, 16 
m/h up
4/29/97 Morning 73-78 29.93 28 clear south, 15 
m/h
Afternoon 85-88 29.93 17 clear south, west 
9 m/h
Night 60s 29.93 14 west, 6 m/h
4/30/97 Morning 65-77 29.92 22 clear N/A
Afternoon 86-87 29.92 19 clear north, 8 
m/h
Night 60-70 29.92 12 southwest, 
16 m/h
5/1/97 Morning 65-74 29.96 24 clear northwest, 
16 m/h
Afternoon 75-81 29.96 19 clear northwest, 
16 m/h
Night 65-67 29.96 24 northwest, 
16 m/h
5/2/97 Morning 62-70 29.92 20 clear west or 
northeast, 9 
m/h
Afternoon 76 29.92 20 clear west/northe 
ast, 9 m/h
Evening 70 29.92 20 west/northe 
ast, 9 m/h
*.: miles per hour
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The dicarboxylic acids measured in this study did not strongly correlate with 
CO, meaning that direct emissions from automobile exhausts were not indicated as a 
significant source for dicarbo^o l^ic acids measured in this study. The correlations 
between dicarboxylic acids and CO are shown in Figure 7.18.
There was no correlation between dicarboxylic acids concentration and 
aromatic hydrocarbon concentration during the observation period from 4/97 to S/97, 
as shown in Figure 7.19 (toluene was chosen as a representative of the aromatic 
hydrocarbons measured in this study, since it was shown earlier in Figure 7.1 that all 
other aromatic hydrocarbons strongly correlate with toluene). This lack of a direct 
relationship may be due to the fact that dicarboxylic acids are formed from aromatic 
hydrocarbons in multi-step, which probably involves a liquid-phase oxidation, and 
thus may be difficult to observe by diurnal variation measurement.
There were some correlation between different dicarboxylic acids. Oxalic, 
malonic, and succinic acid were to some extent correlated with each other. Adipic acid 
was uncorrelated with other diacids. Moderate correlation between several 
dicarboxylic acids indicates that they may have common source or sources. The 
correlation between dicarboxylic acids are shown in Figure 7.20.
The duration of the measurement period was not long enough for any clear 
seasonal change of dicarboxylic acids to be observed. Continued measurements would 
be desirable to determine seasonal variations of dicarboxylic acids.
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CHAPTERS 
CONCLUSIONS AND FUTURE OUTLOOK
The purpose of this study was to measure aromatic hydrocarbons and 
dicarboxylic acids simultaneously in the atmosphere. A method was developed for the 
measurement of aromatic hydrocarbons and was sensitive and simple enough to allow 
several samples to be taken and measured per day. The method was based on 
collection of aromatic hydrocarbons on solid adsorbents and thermal desorption of 
analytes onto a GC column. This method proved to be suitable for measuring aromatic 
hydrocarbons at high ppt to sub-ppb level. This method has the advantage of increased 
sensitivity over the solvent extraction method. Its disadvantage is that, like in other 
thermal desorption methods, the samples can be analyzed only once, and duplicate 
analysis can not be done. Analysis of standards, however, showed a good 
reproducibility for the method.
The suitability of a method for the collection and analysis of dicarboxylic acids 
was also verified. This method had been used by Kawamura et al. (1985) to measure 
dicarboxylic acids in the atmosphere. However, it has not been used for diurnal 
measurement of dicarboxylic acids, which requires a sensitive and simple method. 
This work proved that, with little modification, this method can, in fact, be used to 
measure several samples per day, and that the sample preparation and analysis was
105
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fairly simple. Possible modification of the analytical method may include the 
conversion of diacids to fluoroesters, so that the electron capture detector (BCD) could 
be used for detection.
The two methods mentioned above were used to measure atmospheric aromatic 
hydrocarbons and dicarboxylic acids simultaneously at the same sampling site. From 
the results obtained, some conclusions could be drawn on the sources and chemistry of 
aromatic hydrocarbons, and sources of dicarboxylic acids. This work provided strong 
evidence that all atmospheric aromatic hydrocarbons came from the same sources, of 
which automobile exhaust and evaporative fuel loss were probably the most important. 
Of all aromatic hydrocarbons, toluene and m- and p-xylene were the most abundant, 
followed by benzene and o-xylene. while ethylbenzene was the least abimdant. 
Aromatic hydrocarbons undergo chemical destruction during daytime, which was 
reflected by the decrease in their concentration after correction for the dilution effect. 
Of the aromatic hydrocarbons observed, toluene, m- and p-xylene seemed to 
disappear more quickly than benzene and o-xylene, which mostly reflected their rates 
of reaction with OH radical. However, o-xylene displayed an anomalous trend.
Dicarboxylic acids measured in this study did not show a clear diurnal 
variation. They probably originated from both local production and/or emissions, long- 
range transport to the area, and resuspension after dry deposition. Dicarboxylic acids 
were not strongly correlated with CO, meaning that primary emissions from 
automobile exhausts were not significant sources of diacids. Moderate correlation
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between certain diacids showed that they may have originated from the same source or 
sources. There did not seem to be a direct relation between dicarboxylic acids and 
aromatic hydrocarbons. However, it is necessary to note that the formation of 
dicarboxylic acids from aromatic hydrocarbons is multi-step and therefore may not be 
easy to observe during such a short period as several hours or a day. Observation of 
intermediates such as glyoxal, methylglyoxal, and succinic anhydride and an 
understanding of their liquid-phase reactions will be needed to assess the contribution 
of aromatic hydrocarbon photooxidation to the reservoir of dicarboxylic acids in the 
atmosphere.
Recommended future work
There are several possible approaches that can be used to verify the sources of 
dicarboxylic acids. Isotopic analysis is one of these possible methods. Dicarboxylic 
acids can be collected in sufficiently large amount, and the sample can be analyzed for 
carbon isotopes. The ''*C content would indicate the relative importance of biogenic 
and anthropogenic sources, since biogenic sources contain newly-produced '^ C, 
whereas gasoline normally contains no due to the fact that all of the carbon in 
petroleum is ancient, except for some of the ethanol added, which is biogenic. Also, 
analysis will provide more insight into the chemical nature of the source, since the 
content of is different in various species. From the content of useful 
information for source apportionment could be obtained, provided contents of in 
these sources are known.
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Another approach is to measure dicarboxylic acids at a remote site away from 
direct emissions, where dicarboxylic acid concentrations are at background levels. 
This will eliminate the effects of direct emission, and the diumal variations observed 
would indicate whether dicarboxylic acids were in fact produced by photochemical 
reactions of hydrocarbons in the atmosphere.
To test the hypothesis that dicarboxylic acids are resuspended from sediments 
such as street dust, samples of street dust could be collected and analyzed for 
dicarboxylic acids by the method used in this work. This would suggest whether the 
resuspension of dicarboxylic acids plays a role in putting the dicarboxylic acids 
previously removed by dry deposition back into the atmosphere.
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